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1.0 ABSTRACT

A verlesn of computer programs are prosonted with full documontatlon which
slmulate the tranulent behavior of a modorn 4 cylindor Siemens arrangemont
Stirling englne with burner and air preheater. Cold start, cranking, idling,

% accoleratlon through 3 gear changes and stoady spead operatlon are simulatod,
E Sample results and complete operating instructions are glven, A full source
N code listing of all programs are includod.

X

Reasonable results are obtained but the program has not been validated.,
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2,0 INTRODUCTTON

This report presents the completo rosults of the work done under contract
DEN 3-226 by Martini Engilnoering for NASA-Lewls on the DOE-sponcored Auto-

motive Stirling Engine Program.

In brief, this work consistes of preparation of a sorlos of computer programo
which simulate the transiont operation of a 4 cylinder, double aciing Btirling
engine like the United Stirling P-40 or P-75 engine., Since the dimenslons of
these machines are proprietary, the computer program ls set up using the
General Motors 4123 engine for which thore ic complete information.

The boundaries of the simulation, that is, what is evaluated and what 1s not,
is given in Section 3. Sectlon 4 describes the programs in mathematical terms
and justifies the equations that are used. After each small section of ex-
planation, a copy of the part of the computer program it explalns is given.

Section 5 gives the full listings for two programs. CNTLA is the pre-program
to prepare the data file and allow change in input data from the console.
CNTLB is the main program that caleulates and displays englne operation
during the simulation.

Section 6 gives the program users manual which is written to be complete by
itself and contains all the operator needs to apply the progranms.

Section 7 presents a sample solution using the final program. --

Section 8 summarizes what was learned in trying to construct a rapid but
accurate simulation program for use in studylng control schemes.




3,0 PROBLEM-DEEINITION i

The computor program prosented and oxplainod horein lo to simulate tho opera-
tion of a Stirling onglne powered vehlclo, The simulation starts with ongine
and vehiole stopped and at a gliven ambient tomperature, Figure 3.1 shows a

schematic of ono-part of the onglne giving the namos of the englne parts. —

The burner is started at full fuol flow., Alr flow 1s made a spoclfiod
fraction of fuel flow to supply 10% oxcess air., The flamc hoats the heator
tubes and then heats a plate type counter flow alr prohoater. Ore burner io
assumed to heat all heator tubes because this is what the United Stirling
engines have., It does not matter that the 4L23 uses 4 separate burners.
Transient heat up of both engine and alr preheater is simulated. A separate
preliminary computer program, WARM, was written to separately investigate
this part of the engine (see Appendix A). Gas transit times in the burner
are neglected. Heat transfor rates are computed from standard correlations.
The heater tubes are regarded as one node but the length of the alr preheater
is divided into as many as 20 nodes. WARM was used to determine the largest
reasonable time step as far as the burner and alr preheater are concerned.
WARM also was used to determine the smallest number of nodes the alr pre-
heater can be divided into and still retain adequate accuracy. The computation
method found to be accurate by the use of WARM 1s incorporated lnto the main
program .

Longitudinal heat conduction in the air preheater is sifiulated. Fuel is
assumed not to be preheated. However, the flow rates of the air and flue
gas are realistic as is the heat capacity. The thermal heat conductivity
and the viscosity of the flue gas is assumed to be the same as alr,.

The temperature of the gas heater tubes is regulated by proportional control
for the engine cycle with a set point and a proportional band. At first,

heat is removed from the heater tubes only by conduction to the other metallic
parts of the engine. Since this is the chief heat leak when the engine is
stopped, other heat conduction paths, like through the insulation, are lgnored
since these would be much less.

After the burner has been on for a specified time period, the engine is
cranked for a specified time period with a specifled torque. At the same

time a timing valve epens up to add gas to each working space in turn during
the time that that particular working space is expanding. Under the influence
of these two forces, the engine accelerates to 1dling speed that ls speclfied.
As the 1dling speed is rcached, the engine pressure is adJjusted to keep this
idling speed.

Noxt, the clutch 1s engaged. To simulate this, the ratlo of meters traveled
by the vehicle per engilne revolutlon changes umoothly over a short time from
sero to 4 new specified value, Provision 1s made for the gear ratio to
change umoothly as two higher vehicle speeds are reached to simulate gear
changes in a normal automoblle. At the same time the required vehlcle speed
15 put on a ramp to the crulse speed at the end of a specitfic acceleration
time. Gas 1o added to each cylinder in turn as long as the vehicle upeed
falls chort of the required vehlcle speed for that time, Control is by
proportional bund operating on the tlow resistance between the high pressure
revervolz and cach of the working gas spaces in turn when the vehicle speed
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1 loon than the sehodelod spoed, I8 Lhe vehlale speod 1o moro than thoe
scehodulod npood, then The thow resdotineo 1o bolwoen oach ono of the working
apneos In buen and Lhe loy prosowaa roperyole,

Al Lhe end of tho aceoloralion phaso the proooure In Lhe ongdne 1o ad Junted
by proportionad control fe keop Lho vehlele golng an elone ag poppiblo Lo the
npeed Plod eruloe spood, Inoopdor Lo choek the enleulatlon mothod, tho time
Cor erutoe showdd b Long enough se Whal the ongldne and vohleloe atlain oleoady
atato oporation,  Only ol this polnt can enleulated powor ounlpont and orfiet -
oney ba posatbly comparod with valldatod powor oulpol and oftYetonoy data
eam tho DV herataro,

The above desortbon o slmple deiving eyelo,  OF cowrse, move compld Leatod
eyelos aan be traced by changlugy the program,  Alsog.more compllieatod control
schomou thun slmplo proportlonal control can be lneorporatod,

Thin vectlon hao deseribod the problem In qualitative tormu to descriibo in o
non-tochnleal way what 1o boing attomptod to bo caleulatoed., Now Scellon 4
will present the equatlons used in the solutlon and Justify thom,




b0 MATHEMATIOAL-METHOD OF BOLUTION

Thin noection prononte tha equatlonn used in the annlysis and Juatifien Lhom .

During the aovolopmont of thin progra the burner, heater tubon and alr pro-
hontor Woro ovnlunted noprentady to dotormine how many nodon thera nood be
intm)uM:wmmmmmzmdeW'MmoanﬂﬂxmmmatouMQwWMJrﬂmQMm
thio part of tho machino, (800 Appondix AJ)  Onaeo thono valuen woro dotor-
mined, the computational puxt ol tho progriun Wan tnoeorperntod into tho maln
PLOFRAN Tho burner and nlr prohontor will be diponsnod in itp propeor ordor
in tho main program.

Tho muin progrum hos boon dividod into two panrtn bouauno of momory limitas
tion of the Altoo computur usod by Maztind Engluooring to wrlto tho progran.
The firuvt part, CNTLA, allowuy any input paramotor to be changed and thon
intormodiate rosultu aro caleuluted, Tho purumetors nocdod tor Hho mulin
calculatlon aro £11ed., Thon tho maAn progrum, CNTLB, 1o brought in., The
intermodiate results aro read in and tho pimulatien procoed.

piroctions {for uso of tho program and how to change input conditions are glven
in Section 6.

4.1 ONTLA

The flow dlagram 1s glvon in Figure 4.1, The base case 18 rocorded in data
statements. Any input value can be changed by keying in tho input number,

a space and thon o new value with o decimal point. See Scection 6 for additional
directions, The now input value ig read in from the console us QQ and then is
given the proper identity.

The input numbers were assigned as the program grew. Therefore, Sectlon 6
glves the 1dentity of the input numbars and what the base cade values aroe.
One table glves them in nunericul order. The other glves them orgunized

by operating condition and dimensions for the different parts of the machine.
For the software available to the Altos computer for high speed computation,
only real numbers in tixed point format (no integers) can be read out of the
£11e FORT10.DAT.

The complete listing of CNTLA,FOR is glven in Section 5.

4,2 CNTLB

QNTLB does all the computations. Floure 4.2 glves the overall flow chart
for this program. The input datu are road in trom the tile. The output
conditiony are veb. Values are initialived that conld not be conveniently
done in CN1LA, Thon it the graphic option 16 selected, the borders and thu

schodule of femporature prestiiob, gngine speeds and vebiele opoeds aro
displuyed. ’

Next the engine and vehicle control wubprogram 1 put all in one place vo
far au possible vo that changes cun be made more eusily. This progran
{neroments the time and keeps track of the driving cycle gsehedule, T+ cnlls
in the other elumentu of thu compututionul part ol the program wi noeded.
Thowse oompututionul parts need not bo subroutines sinee the roturn point 1o

6
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‘ tion subprogram is
the same. At first only the burner and heat conduc
3223%8 Then when the engine starts rotating, the englne torque and internal

heat transfer subprogram is alse used.

time set for the solution is not exceeded, the program repeats
iia;:in;oxiih the engine and vehicle control. If time is complete, tgﬁngogram
stops and a trief summary ls printed out. The full 1listings of both :
and ONTLA are given in Section 5. In this section CNTLB is explained fgir{.
The full program is divided into small sections according to the flow ¢ r
of Figure 4.2, For clarity, each small section of explanation is followe

by the part of the program it explains.

4.2.1 Read Transfer File (Lines1 to 67)

d type and data
Berides comments about purpose of program and dimension an

statements, the transfer file FORT10.DAT is read from the disc. Thissre%d1
statement must be exactly parallel to the write statement in CNTLA, Symbols

are defined in ONTLA (see page 73).

1:  C sbrsckddkordskPROGRAM CHTLE. FORhuokokustbooksikokdokohokbiobskonpomgskok e

2: C WRITTEN BY MARTINI ENGINEERING UNDER CONTRRCT NUMBER

3 € DEN3I-226 FOR MASA-LEWIS UMNDER THE DOE ADVYANCED RUTOMNTIVE

4: C PROPULSION PROGRAM. CNTLB READS IN THE INPUT DRATA FILE

S:  © GENERATED IN CHNTLA AND CRLCULATES AND DISPLAYS RESULTS.

§: £ CNTLE CRLCULATES THE TRANSIEMNT PERFORMANCE OF A 4 CYLINDER

7: C DOUBLE ACTING STIRLING ENGINE WITH TUBULAR HEAT EXCHANGERS

3: C AND FORDUS REGENERATOR CONNECTED TO A WEHICLE THROUGH A GEAR BOX.
9: £ THE RESIDENT DRIVING CYCLE COMSISTS OF HEATUPR, CRANKING, IDLE,
18: ©C ACCELERATION FROM ZERQ TO CRUSE SPEED AND HOLD THAT SPEED.

11: € SECOND AND THIRD GERR CHANGES ARE SPECIFIED BRSED UPDN WEHICLE
12: € SPEED. GEAR CHEMGE IS LINERR WITH A SPECIFIED TIME.

13 T CNTLAR USES AS A BASE CASE THE DIMENSIONS OF THE 4L22 ENGINE.
14 C CNTLE ADJUSTS THE TIME STEP SO THAT THE ANGLE INCREMEMT 1S

15: C BETHEEN ? AND 28 DEGREES. THE PROGRAM HAS NO LIMIT TO FLOMW

18: C ACROSS GAS MODES OR CHANMGE IN GRS INVEMTORY. COMTREOL IS BY

17 © CHANGE IN GRS INVENTORY.

12« s STRRT OF PROGRAM $otopabuk

13 DIMENSION XTC4Y, IPYCR, 43, JPVL2, 47,

&8 1 P04, PI04, 80, PACE), M4, FRCA, TOCEY, WHACZ, 4%, YCRLZ, 42, ;
21 2 VTR 40, ML, |
22 T OPLCAY, CVMCRL 4o, TGRC2, 84 40, |
23 4 OHICY TERCAY, TINCION, EXC3, TOUCLIAY, THMCE, 43, EYCE), KMELR), 2
Ry SORMOBY, THROR, 40, i
25 £ CHCS)

a5 DIMENSTON TH1CE. 43, WC2, 8 4, DVGE 4) ‘
ok PEAL LOF. LH. LR, MSH, ML KEL ER, LS, ML ME, KAR, MG

I3 FEAL LHH, LHY. MUFG, LRPH. MTR, MIFL, LHM, MIY, LEN, M2, MF Bk
o FEAL NTFM. NTC NS, NP NTH NTHM. TGL, MO HAPH, KAPH. FML KM KNE

TR0 DATA CONSTANTS

.y CATA FI4 PT RTZFADGFAD 7FES4, T 34159, 1 SO0, 6, 017453, & 214,

2 DATA T CPACCREGSS L A2 L 260

DI Cerees FERD TRRNSFER FILE FROM CISE

T4 e FOEMAT SOED D

d |

it

ToRREEETE T o . e SN I 7 R SR L IO AP




T EotTgmTY Y vty v T, s R r AT AR a4 GRRNAG AL e
P ! . L RS A ’ : . o '

IS8 READ (1@, 8@74) THMG, TPBy TWL, FW1, OM1
IEs READ (10, 80@4)TL, DT, MEs RBEL, KAPH
I7s READ (10, £004)NTHM, DIHM, FFF, THU, LHM
IE READ 1@ EGQQ)TCR' TIDyTARC, TOTT8PM
A TN READ (1@, €804 ) RC, LCR, DCY, DDR, DIH
3 401 READ (10, £0@4) WTHM, NTH, VHDX, NRy DR
§ 413 RERD (1@, 88@4)LR, FF, NS, MSH, THW
. 421 READ (1@, 8304 )VEDX, FCA, DIC, LE, NTC
S 433 READ (10, BOOB4)MIV, NTRM, DIRM, AFR, LRM
=y 44 READ (1@, 88@4)DOHs LHH,» TMAPH, LAPH, WAPH
o 453 READ (10, 8004)> TAPH, NARH, PRL., PRHy WTRM
2 4E1 READ (1@, 8204) TST, MIR, RAF, NDy LHV
‘ 478 READ (1@, 80@4)CMAPH, AFARH, RAL, C2, DER
481 READ (1@, 82B4)IUXY, DT2, CYy UXX, CYY
491 READ (1@, 88@4)FUEL, AMF, AH, CMH, GEX
SQ: READ (1@, E8004)KAR, TIM, VHD.,VRD, CMX .
S13 READ (1@, E@A4)IVCD, VCDA, VTD, XA, XB
23 READ (1@.8@04)ACY, BCY, P132, RE2,CCY
532 READ (1@, 8004)EARAD, EADEG, D1ST, OMEG, GCT A
54t READ (10, EB04)VHACL, 1), VHAEL, 23+ VHAC(1, 3), VHACL, &), VCA(L, 1)
553 READ (1@, 8004)VEACL, 2)y VAL, 3, VCAC1,4), VT (1, 1),VT(1, 2)
SE1 READ (1@, 8BR4IVT (14 3)» VT (11 4), CP, CVy MW
573 READ (1@, 8004 ) RX» KKy GR, KRy XC
561 RERD (1@, 8004) TGV, 101, VHM, VRM, RGE2 i
591 READ (10, 8004) RGEZ, VSP2, VSP3, THH, TRH i
£0: RERD (1@, 8824 RWT, TCY, THC, B, HCL ﬂ
613 READ (1@ 80D4) KM, KMX, THCH, B1, Q2 .
621 RERD (1@, S004) 03, EIN, KMEC1), KME(2) , KMECI) {
632 READ (10, SODB4)KME (4) , KME(S), KMECE) » CM(1), CM(2) i
641 READ (1@, 8OO4)ICM(I), CMCA) . CM(S), PBIS, PBVS 1
651 READ (1@, B204) TREP f
663 WRITE (5, E0@E)
67: S0O0E FORMAT(* FILE READ')

4.2.2 Initialize Values (Lines 68-129)

Although most initial values are in the transfer file, i
t is more convenient
to initialize some values in CNTLB. Also since inteéers cannot be read Egt

of the transfer file due to limitations in the softwar
: e avail
values, like N and J, must be made at this point, able, integer

682  CawaknINITIALIZE VALUES
€9t C ORBANIZE TIMES FOR OPEKRTING CYCLE

70: TT=@,

714 TI1=THU+TCR

723 TI2=aTI1+TID

73 TII=TI2+TAC

74 C BURNER INITIALIZATION
7518 N=NO

768 ND2=N/ 2

10




773
78

79¢ .

80
812
S
83
84
251
oEs
87
g8:
£9:
= |6k
91:
93:
94
85:
a6
97:
9g:
993
100
1013
102
103
1042
1353
106
107

108
109:
110:
1113
1122
1133
1143
1153
1163
1173
1188
119:
1203
121
1221
1273
124
1258
1263
1278
1283

1293

NO- 200 I=i,N
TOUCIY =T1
TINCI)=T1
EY(I)=T1

~00 EX(I)=T1
TIN(N+1)=T1
TA=T1
TD=THMG-TWI
FLAME=T1
TOUCN+1)=T1
CFL=1000.
CFH=0.
CFF=0

c INITIALIZE CUMULATIVE HEART INPUT AND METAL- TEMPS
DO 198 I=1,4
TM(1, 1) =T1
TM(2, 1) =T1
TM(3, 12 =T1
TMC4, 1)=T1
TM(S, 1)=(TWI+T1) /2.
TM(E, 1)=TWI
M(I)=0.0

198 eHICI) =0,

C . SET PRINTOUT OPTION
J=Q2

C INITIALIZE VEHICLE INERTIR
VIN=0.0

¢ INITIALIZE ENGINE AND VEHICLE SPEED
OMEG=0. 0
SPV1=0.0
SPVD=@. 0

C INITIALIZE WORKING TIME STEP
LDT=DT

€ INITIALIZE TORQUES
TGS=0.0
TOV=0.0
TNET=0.0

C INITIALIZE ENGINE ANGLES
EARAD=Q. @
REV=0. 0
NER=0
NGC=~1
MIR1=0.
RGE=0.

C INITIALIZE ENGINE PRESSURE
DO 950 I=1,4

950 P1¢1)=PRL

C INITIALIZE FLAG TO CALCULATE CONDITIONS AT CRANKING
162=

C INITIALIZE OUTPUT FLAGS
POF=0.0
GDF=0.0

GDI=TOTT/10@24.

11




%.,2.3 Draw Graphic Framos (Linos 130-212)

The AIM-3 torminal with tho Rotrographics packnge can have two output ovar-
layed on the ncreen at the sumo timeo, a graphie output and an alphanumoric
output. The graphie ouiput,if it 1s used, cannot easily be turned off, Tho
alphanumoric output to the scroon can be turned off so Just tho graphic diuo-
play Lo visible, It is much oasler to understand what 1s golng on wlth the
graphic display. In the caso where the graphic display is not used, the
output will be stored in a flle whtch may be read back and possibly plotted
off 1lino.

The contract requires that the main program, CNTLB, should run wlthout manual
interventlon during program execution, Thuretore, the declsions on how the
results of CNTLB are read st are changable in CNTLA and are fod to CNTLB 1n
the transfer file,

The flag Q1 must be 1.0 if graphlc output is to be used. At this polnt the

outline of the graphic display and the schedule of how the driving cycle

should go are displayed on the screen., Figure 4.3 shows how the screen 1s

divided up. The retrographics modification to the ADM-3A terminal is capable

of displaying 250 points vertically and 512 points horizontally. However, the
package 1s compatible with Tektroules Plot 10 software which has 780 points
vertically and 1024 points horisontally. These latter numbers are used to

specify location. The subroutine VECTOR draws a line on the screen (see Appendix C),

The arrangement evolved as experience was gained with the solution. Space
for the four working space prossure-volume (FV) dlagrams was particularly
useful in observing what is going on with the solution,

1303 Cesssksws: DRAW GRAPHIC FRAME IF OPTION IS ON L
131t C GRAPHIC FRAME ‘

1308 IF(D1-1,0@)158, 157, 158

1331 C DRAW OUTLINE

134t 157 CALL CLEAR

1358 i1=0

136, J1=0

1373 12=1023

1308 J2=0

1392 CALL VECTORCIL,J1,12,J2)

1403 11=1023

1413 J1=779

1423 CALL VECTORCIZ J2y 11, J1) |
1438 12= |
1441 J2=779 3
1458 CALL VECTORCI1,J1,12,J2) |
1463 I1=0 |
1473 J1=0

1481 CALL VECTORCIZ, J2, I1,J1)

1493 11=700

1501 J1=0

151 ¢ 12=700

oo 2=779

1573 CALL VECTOR(I1,J1,12,J2)

1543 € DIVIDE INTD 4 LAYERS LEFT SIDE




1553
1663
1573
1563
159:
1604
i€1s
1623
1673
1€4:
165¢e
1662
167:
1€9:
169:
170:
174
1723
173:
1742
175:
1763
177:
178
179:
180:
181:
183
183
184:
185
186:
187
188:
i89:
190:
191
192
193:
194
195:
196
197:
198:
199:
200:
201
202
203
2042
205¢
pe{ [
2Q7:
20e:
209:
210:
2113

o1z

11=0
J1=629

12=700

J2=629

CALL VECTORCIL,J1, 12, J2)
J1=479

J2=479

CALL VECTORCIL,J1,12,J2)

C DIVIDE INTO FOUR LAYERS, RIGHT S1DE

11=700

Ji=190

12=1023

J2=190

CALL VECTORCI1,J1,12,J2)

J1=380

J2=380

CALL VECTORC(ILyJi,12,J2)

J1=570

J2=570

CALL VECTORCI1,J1,12,J2)
C DRAW SCHEgULED VEHICLE SPEED

Ii=

J1=632

I2=TI2/TOTT*»700

J2=632

CALL. VECTORCIL, J1,I2,J2)

I1=TIZ/TOTT»700

Ji=77¢

CALL. VECTORCIZ2+J2,1I1,J1)

12=700

J2=776

CALL VECTORCIL,J1,12,J2)
C DRAW SCHEDULED ENGINE SPEED

I1=0

J1=482

I2=THU/TOTT*700

J2=482

CALL VECTORCI1,J1,I2,J2)

I1=THU/TOTT*700

J1=554

12=TI2/TOTTH700Q

J2=55¢4

CALL VECTBR(I1,J1,12,J2)
C DRAW H?I gETQL GOAL TICK ¢THMG)

J1=200

12=10

Ja=200

CALL VECTORCI1, J1,12,J3)
C DRAW C?OLISG WATER TEMP TICK ¢TWI)

Ji=1

Jz=10

CALL VECTORCIL, J1, 12, J2)
C CALCULATE DISPLAY PARAMETERS

PDIF=PRH

XLOW=VTD+VHDX +vCDA

XDV=(ACY+BCY)»RC2
158 CONTINUE '3




suedbel(q aun|op-34nssadd

(A

€20t . 00L 0 0
aanjeaadwd] I3lu] J493eM bHuilool ‘IMl-—01
adedg BulyaoM Yip
gst {20y aunjeJadud) [PI3N IOH ‘grHl — 002
aoedg butjuaoM pJg
oae saanjedsdud ]
paeds auLbuj 0497 *28% &Ly
3Lpl “IW0 — Y55
o5 3deds buijaoM pugz paadg auLbU3
pasdS 3[JLYapA 0497 2E9 623
aseds BULYJIOM IST paads 3| JLY3A

6LL

14




=t 3
2143
2152
2163
2178
2183
2191
220:
221
2228
2232
2241
2258
2268
2278
2288

2291

.ok Writo dnifiod Printout (Linog 213-7229)

The unifiod printout 1o placod first in the maln loop of the program o that
the initlal conditionc can bo displayod. The roadout may olther be to tho
seroon (@2~ 5.0) or to the printor (2~ 2.,0)., This optlon v changed from
CNTLA., Then in Lino 101 of CNTLR +he intoger J io get from the real value
Q2. The format of tho roadout is nino colunna lut not all are 111led, The
key to tho readout is glven in the Program Usecrs Manual (Section 0) .

Note that this printout 1o optional. It 1o enabled when Q3 - 1.0, This lag
can be changed from CNTLA. It the graphle readout glves all the intormation
desired,. then it greatly speeds up the calculation by having the printout
infrequently.

The value TREP can be set from CNTLA to control the repetition time for this
printout.

CommooknWRITE UNIFIED PRINTOUT--RETURN POINT FOR MAIN LOOP

401 1F (G3~1. @) 390, 402, 390
42 IF ¢ TIM-POF) 390, 391, 391
394, POF=POF+TREP

NRITE(JsS@ZS)TIMoCFF:REV¢0NEB:8PV1vSPVDoDDT
8025 FORMAT (EFB. 2, FB. 5, 2F8. 2)
NRITE(J»SEZZ)TIN(I)'TIN(Z)'tIN¢3)'TIN(A):TIN(5)sTIN(S):TIN(?)-
1 TINCE), TIN(D)
NRITE(J,8@22)5X(1):EX(2),EX(S)'EXCA)’EX(5)9EX(B),EX(7)o
1 EX(8), FLAME
NRITE(J'BGZZ)TDU(i)rTDU(&)’TOU(S)'TDU(A)'TDU(S)aTOU(E)oTDU(7).
1 TOUCEY, TOUD)
DO 10 I=1.4
10 NRITE(J’BGQQ)TM(tvI).TM(Z-I)sTN(S.I)aTM(&vI)oTM(S’I)'P1(I)o
1 MCD) VT D
8022 FORMAT(O(FB. 2))
NRITE(J'BG22)TNET’TQS:TQVoViN,MIRi'RBE

15




. 4.2,5 Display Graphic Data (Lines 230-290)(0ptional)

.= The display offerc a fast and comprehenslble way of showlng what ls golng
g on during the colutlon, To speed.the solution, the dlesplay does not print
4] every time step., The total time, TOTT, is divided by 1024, the number of

o herlzontal addrecses for plotting to glve the graphic digplay interval, GDI,

- in seconds. (See line 129,) Therefore, the display programming from line

Y 233 to 277 only is called upon 1024 times during the solutlon at a regular

- time interval. There could be 1024 different points if a Tektronix terminal
were used, With the AIM-3 Retrographics package used in development of this
program, 512 horizontal points are plotable. Therefore, two dots are possible
in the vertical directlon for every plotable point in the horizontal direction,

The following displays are. shownt

A. From the beginning

1. current fuel flow rate (over full height of display)

2. average heater metal temperature

3. flue gas leaving heater and entering preheater

4, flue gas leaving preheater

5. average of metal node 1 (around hot spaces)

6. average of metal node 4 (at the hot end of the regenerators)
7. average of metal node 5 (at the middle of the-regenerators)

B. After engine starts to be cranked (see line 269)

8. engine speed :
9. vehicle speed !

e et o

The above displays are plotted 1024 times during the solution or twice for ,
every displayable point using the Retrographics package. f

233:  CrrrnDISPLAY GRAPHIC DATRAR. PART 1§

2311 390 IF(R1-1.)20, 21, 20 I}
2323 C CHECK TO BEE IF PLOTTING SHOULD BE DONE :
2333 21 IF (TIM-GDF)20, 393, 393 :
2348 393 GDF=GDF+GD1 4
235 C SHOW FUEL FLOW RATE <
2363 I1=TIMN/TOTT*700

2373 J1=CFF/FFER777

2383 CALL POINT¢I1,J1)

2391 C SHOW AVERAGE HEATER TEMP.

2401 Ji=(TA-TWI) /TD#198+10 .

2411 CALL POINT(I1,J1)

2421 C SHOW FLUE GRS TEMP. ENTERING PREHERTER

2433 Ji=(TOUCN+1)-TWE) /TD#190+10

2443 CALL POINT(I1,J1)

2451 C SHOW FLUE OGRS TEMP. LEAVING PREHEATER

2461 J1=(TOUCL)-TWI) /'(Dw190+10

2471 CALL POINTCI1,J1)

2483 C SHOW AVE. HOT METAL SPACE TEMP (NODE #1)

16




26491 X=@

2503 DO 145 Img44

2518 145 XaTM(L, I)+X

2521 X=X74,

2531 Jim(X=TWI)/Thx190+10
2541 CALL POINTC(I1,J1)

2358 C SHOW AVE METAL TEMP HOT END REGEN. (NODE #4)
2561 X=Q

2573 DO 14E I=1,4

258 146 XaTM(4y 1) +X

2591 X=X/4,

2603 Ji=(X=TWI) /TD*190+10
261 CALL POINTCI1,J1)

2625 C SHOW AVE. METAL TEMP. MIDDLE REGEN. (NODE #5)
2833 X=0

2848 DO 147 I=i,4

2653 147 X=TM(S, I)+X .

2EEs X=X/4,

287 Jim(X=TWL)/TD*190+10
2683 CALL POINTCI1,J1)
2691 IF(TIM-THU) 20, 28, 954
270: C SHOW ENGINE SPEED

2713 954 J1=0MEG/0OM1 724482
272 CALL POINTCI1,J1)
2733 IF(TIM-T12)20, 20, 953
2743 C SMOW VEHICLE SPEED

2753 953 J1=8PV1/8PM#1 444632
2763 CALL POINT¢IL,J1)
277 20 CONTINIIF :

The final part of the graphic data display involves the drawing of four
pressure-volume curves for the four working spaces., These curves are drawn
only when the flag Q1 = 1,and the time, TIM, is greater than THU...That is,
the curves are drawn only when the engine should be moving. The initial
engine pressures plot number is calculated on line 320 and the initial volume
plot number 1s calculated on line 0. These are only calculated once.
Sturting with these values, the next values of these two numbers are cal-
culated on lines 284 and 285, With the initial and next value for both
Pressure and volume for all four working volumes, four lines (vectors) are
drawn (line 280). In lines 287 and 288 the next values become the initial
values for the next time around. This part of the program draws four con-
tinuous lines tracing out the work diagram for cuch working space,

17




278 CodDIGPLAY GRAPHIC DATAy PART 2
279t C PLOTTING FOR EVERY TIME STEP OF 4 P-V DIAGRAMS
200y € CHECK TO SEE IF OPTION IS8 ON

2819 IF(Q1-1,)892, 8373 852

282y 8953 IFCTIM-THU) 852, 852, 854

<83 854 DO 968 Ist,4

<843 IPV¢2y 1) = (CVM(BH 1) =XLOW) 323 /XDV+700

265 JPV(2, 1) mPL (1)w19@/" ‘IF+190% (4~1)

2861 CALL VECTORCIPVC(Ly 1)y JPVC(Ly 13y IPV(2y 1) JPV(2y 1))
2871 IPV(L, D) =IPV(2y 1)

2881 JPV(1, 1) =JPV(2y 1)

2e9: 985 CONTINUE

290: 8852 CONTINUE

After every five cycles, the screen ufea where the work diagrams have been
drawn 1s erased. (See lines 365-372.)

4,2,6 BEngine and Vehicle Control Subprogram (BVCS) --Purt 1 (Lines 291-455)

Mgure 4.4 shows the overall flow chart for CNTLB with more particulars
given to the engine and vehicle control program than was given in Figure 4.2,
The first decision point is to determine whether the cumulative time, TIM, has

reached or exceeded THU, the specified heat up time, If it has not, the i
Ilag IG1 1s set at wero. The program jumps directly to lncrement the time,
The burner and conduction subprogram is executed. This calculates con-

duction and external heat transfer in the air preheater and to the gas
heater of the engine (sec Section 4.2.7). After this, the flag IG1 is
tested (Part 2). 3Since it is less thun 1, the program jumps back to the
readout and display and starts through agaln,

2913 CoormkENDINE AND VEHICLE CONTROL SUBPROGRAM PART 1
292: C CHECK TO SEE IF HEAT UP TIME 1S EXCEEDED

2938 IF(TIM-THU) 503, 502, 502 |
2948 5B 161=0
293¢ GOTO 501

Eventually, the alr preheatwr and engine get partially heated up when TIM :
= exceeds THUL At thls point 11 this 1o the flrst time through, the engine gus i
Inventorloes wre culeulated bused upon Lhe spueitied low gas reservoir i
5 proussure , the volumes at oero englne angle and gas temperatures in the
i ditferent parts which are assumed to be cequal to the metal node temperatures
' at that time., Also, the tlme stop 1s roduced by a tuctor of 10 to start
' out (1ines 300-301) . However, the time step 1o finally adjusted in lines
351357

B

M3

-~ &Y
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: Start, Read Fila, Initialize, Draw Frame 1-212
a[,' —r ——.' -
e Readout and Display| #13-790
;- - osv!-wo 4
r'<f IM-THUP =stiv 296298
5 16170 299-342
E& -t Calculate Gas Inventories, Temperatures,
- 44 hr—————e I o PR I Y
N Yes No
ey A Crank?
Y - =346
g x=TsT | 347-308 X=0
E Y | 348
4 Net Torque: TNET = TQS - TQV + X
& r_ﬁj.%ﬁ'__l. P *_ ‘
- | ou gig;me ' fﬁnd Angle Incremenﬂ349'350 ,
A Y 351-3 353-354 ]
f” £52-<f Too Great Angle Incréﬁﬁ?%fﬁé>-!9§qh Halve Time Step
} ‘ 355 o
) ‘-l§3<:foo Small Angle Increment? <;>~th——- Index Angles 358-364

Erase PV Plot Field After 5 Red %6%-372

¥ 373-374
No T \, Yes

Gear? .
¥ 375-37 N\ " ¥ 393-304 E
1G1=1 377-3g9 | 1G1=2 395-420 |

adjust Engine Pressure to Control Engine Speed || Find Gear Ratio

| Set New Engine Speed |392-392 421-422| Find Vehicle Inertia
423-427 PDetermine Scheduled Speeq]

Adjust Pressures |428-441 ’

Calculate Torques | 442-445

(=23

Set New Engine and Vehicle Speed

I _ Y 446-449

Flgwe 4.4, Overall Flow Chart of CNTLR with Empahsio on Bnglne and Vebiele
Control Subprogran,
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Check Display to Screen

[ ]
Index Time |453-455

Y

Burner and Conduction Subprogram

450-452

456-554

ECVS Part 2

558-849
(Calculates TQS)

-,0

N\ M- TOTT

Summary Readout 852-854

!

stop 1895

Flgure 4.4, Part 2.
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S W TR T e ST TRl

29851
g |
988
“949
NAVG]
S0l
LR
20T
J048
J088
J0E
3073
083
T
J101
it
12
313
J14
IS5
JiEs
3171
3101
J19:
3203
I21¢
I
J23:
J24:
3253
J261
3278
3288
329

3303
I3
I3
J3Ts
IT4¢
I35
3368
II7¢
3301
I3
J40n
J41h

Ja2s

C FIRGT -TIME CALCULATION OF GAB MABEES AND INITIALIZE PREGERES

G AND BET OAB TEMPE. TO CURRENT METAL.-NODE.TEMPS.

alupd IF (10211504, 506, 506

04 I(2my

C REDUCE TIME BTEP AT 8TART OF CRANKING
DDT=DDT /18,
XePRLAMW/R

DO £07 It a4
€ NODAL (RG MASEES
W(Ly by 1) @XWVHACL, 1) /TMCL, 1)
WCLy 20 I aXmVHMH2, /CTMCLy 1) +TMC2, 1))
WCLy 3y 1) mXMVHDHZ, 7 CTMCE TI+TM(2y 1))
WLy Gy 1) aXHURMAZ, /7 CTMC4y DI4+TMCE, 1))
WCLs By 1) SXRVRD/ CTMCS, 1) 4TMC4s 1))
WC1y 6 D) =XWURD/ CTMCEY 1) +TMCS, 1))
WLy 7y 1) =XWVED/THI
WLy @ 1) =XnVCACL, 1) /TWI
C TOTAL OAS MASSES
MC1) =0,
DO 980 K=i,8
200 MCIYMCTY W ¢y Ko 1)
£ PRESSURES
P1C1)=PRL |
C-INITIAL PRESSURE PLOT PARAMETERS
JPV(1y 1)=(P1(1)~PRLY #1SS/PDIF+195(4=1)
C AVERAGE OAS AND METAL TEMPERATURES
TGACL 1y 1) =TMCL, 1)
DD 981 Ku2, 6
TMA LK 1) = (TMCK=1, 1) +TMCK, 1)) /2,
981 TGACL) Ky 1) =TMACK, 1)
TMAC7, 1) =TWI
TMA (Y 1) mTWI
TGACL, 7, 1) =TWI
TGACL) 8 1) =TWI

C CUMULATIVE GAS VOLUMES
CVB(1, 1) aVHACL, 1) .
EVB¢2y 1)=CVGLL, 1) +VHM
CVB (3, 1) =CVB(2, 1) +VHD
CVB 4y 1) =CVB (3 1) +VRM
EVG (S, 1) =CVE (4, 1)+VRD/2,
CVB (6 1) =CVG LS, 19 +VRD/2.
CVB (7, 1) =CVE(Es 1) +VCD
CVGCH, D aVT(L, 1)
C VOLUME PLOT PARAMETERS
IPVC1, I3 =(CVB(E, 1) ~XLOW) #323/ XDV+700
507 CONTINUE
506 CONTINUE
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T8 TIM 4n botyoen THU and THU 4 TCK, tho ongine Loy ovanked and o torgue, 10T,
Y applind o the onpine,  The net torque aceelmabing the ongine Yo 1hin
torque, when 310 Vs appldod, plas TG, tho ahatt forane readiaod by Lho angline
progiaros and Lhe ponttion ol the plstons Inalde Lhe ongloo caid wdnan TV,
Lhe volarding tarquo ol Bhe ohath due Lo tho 2ol1ing rosdotance and Lhe ade
ropdnbinen of tho voldelos AL Presty Lho ondy Loegue caandng mobion La ToT,
A ooy Lo addod Lo Lhe ongdnoy NS boocimes oo Paecboe e AL Ll oo ottt
moving, TV aloe boeomon o Faebor,

Ja3y € TEST TO QEE IF ENGINE GHOULD BE CRANKED

Thae IF CTIM=-(THU+TCR) ) 500, 509, 509
T4G1 509 X=@, @

3460 GoTo 511

347y 508 XoTET

J40r G511 TNEXaTRS-TAV+X

Bacod upon Lhe not lulqnv, the engedne will wove o gordaln nmber ol dopreoens,
The goneral Formalo 1o

" Nit'eetd vo Momont Anpgalar
Not lorque ( l vy ) * (Am, G )

ol Tnortla releratlion

)
Nowton-metors Ky m*” rudiuuu/uuc*

Slnce o Nowbon 1o the force requlred to acceierato one Kg at the rate of one
motor por sccond per sccond, the above equation chocks dimenslonanlly.

Assume that the cngine is idling and the englne itselt has « moment of
Inortda, EIN, Let Ay, As and A, be the erankshalt angle in radians for one
time step in the pas the currént position and one time step in the future,
regpectively.,  Thus,

Ay - A, Ay - Ay |

o pr __~  DDT 1

TNET - EIN b7 !

The angul&v vcloclty OMEG 1s defined ut (A, - A )/DLE, and the angular incre- i
ment DANG = A3 - A, Making these subs titution 8, one can obtalns

- pang - (oor)* TNEL 4 ppr(ome)

;, 11" the car 15 in goar, the inertis of the vehicle must be converted to

effectlve inortla as seen by the engine, Bquate the kinetic onorgy of the

vehicle lo the rotatlonal ecnerpgy of an cquivalent flywheel. Thuse
LMIV(SEVL)® . L (VIN) (oMEa)”

So

'spv1)3
VIN - Mlv(aﬁiﬁ,

T

The ratio srvt RGE

ONMEG e




where SPV1 = vehicle veloclity beginning of time step, meters/sec
OMEG = ongine angular velocity, rad/sec
RGE ~ meters traveled/engine revolutlon

The quantity RGE charges as the gears change and is calculated later (lines
395-419) . In the general case the equivalent vehicle inertia must be added
to engine inertia EIN,. . . ..

b Therefore, the angle increment is calculated by the formula,
{, 3498 U CALCULATE ANGLE INCREMENT
%. IJ50: 512 DRNBBDDT*WZ*TNET/(EIN+vIN)*DDT*OMEG

Now that DANG is calculated, we must find out whether it is suitable. During
the first part when TIM was less than THU, the time step IDT was chosen to
glve accurate but rapid calculation of the heat up of the engine and air pre-
heater. When the engine starts to Tun, not very accurate calculation of engine
performance can be had if DANG is more than 0.5236 radians (309). Therefore,
if DANG becomes greater than this, DDT is halved as many times as it takes to
become less thaa 30°. If engine speed should fall during the driving cycle
because of a gear change or a specified speed change, there needs to be a

way to increase the time step again by doubling it and if necessary, redoubling
it ti11 the angle change is at least 7° (0.12217 radian) .

e
- byl

.;: C ADJUST TIME STEP SO THAT ANGLE INCR. IS >7 AND <2p DEG.

e IF{&HNG-B.SEEEB)SiS;SiS;SiB
253 51z DOT=00T 2,

ndg. GOTO S42

85 515 IFﬁDHMG~B.1221?)51?a51?4516
255 G47 LOT=D0T42,

a7 GOTO s12

Next, the engine angle in both degrees and radians is indexed. If the angle
is greater than 360 degrees,; the computer won't handle it as accurately so
the program should keep it within this range,

298:  C INDEX ENGINE ANGLE MEASURES

J59: Sie EARAD=DANG+EARAD

3603 EADEG=EARAD/RAD

JE1: REV=REV+DANG/ (2, %P1)

JE23 IF (ERDEG-3€0. ) 239, 240, 240
JBIs 240 EADEG=EADEG-3IEQ,

JE4 EARAD=EARAD-2, #P1

Since this part of the program is entered once per engine revolution, it is a
good place to put the eruse program. If the craphic option is on (Q1 = 1),
the program counts the number of revolutions with the revolution counter,
NER. When it reaches Sy 1t resets the counter and calls lRASE,
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3651 C ERRASE PV PLOT FIELD AFTER EVERY S REVOLUTIONS

JEGS IF(Q1-1,)239 151, 239
J&7: 1514 IF (NER-S) 152, 150, 150
JEE: 150 NER=@

369 CALL ERASE

J701 GOTO 239

371t 152 NER=NER+1.

J128 239 CONTINUE

The subroutine ERASE will now be explained. This subroutine (1ines 887-921)
using the conventions for the Retrographics package and Presumably for the
Tektronics Plot 10 software draws a series of black lines. BEach line goes
from 2 to 777 in the vertical direction (see Figure 4.3). Bach time ERASE
is called, a series of black lines are drawn from the horizontal position
710 to 1013. Although the number of plotable Points in the horizontal
direction is 512 and the addresses are 1023, it would seem that every other
address would do a complete erase., It did not. By this means all the pres-
sure-volume diagrams are erased so that one can see where the new ones fall.
(See Appendix C for additional explanation of-this subroutine.)

SET 0 SUBRQUTINE USED TO ERASE Py DISPLAY FIELD
2 SUBROUTINE EFASE
Rakske IMTEGER+1 BS,US;EQJESJDE,HH»VH;¥L,HHJHL
29R MAETH GS|US,EHJES;DEJHH£EBJ3z,E4JEFJiz?(9?#
e D020 TP=T13, 1843
29 CARLL COMOUT &S
|ar CALL CONOUTCESY
294G CALL CONOUTCDE
895 YH=PP P AT

29 ML=MODETRT. 22 veas
car HH=IRAT2432

AR HU=MOLC IR, 22454
R ko CALL COMOIT S h
SR CALL CONCHIT WL
AN CRLL CONCHIT CMHY
5 ey CALL COMOUT S
SR D18 I=1. 200

A M=1+1

AR 15 COMT INUE

A YH=2 AT 04T

Qe WE=MOGe 2, T2
% CHLL TGNOUT Y
ana CRLL CONDUT O YL
=RNY CRLL CIMOIT ¢ sk
a1 CALL COMMIIT ML o
ag o Ty 73 T=q, o

e fM-T4+1

SRR 23 CONT THLIE

atn CEEL O TONDUT B9
Qe CRLL TOMOITO R
SR CHEEL CONOUT ey
S CRLL O CONDT O R
19 Rx COMTTMLE

E FETHEN

M £hr

24




Now that a proper time ntop has been chesen, tho noxt thing 1o to detormine
what should be done with the ongline pressuro, Whon the engilne ius idling, tho
onglno presswre L. adjusted to keop the euglne speed ad justed to malntain o
speelfied vehlele speod sichedule, Thoretoro, TIM 15 eompared against TIZ,
the cumulative time in which the engine 1s put In goar to dotermine which
method 1o used to adjust pressure and to compute vehiele inertia and vehlele
friction (soc Figure 4.4).

373t C CHECK TO SEE IF ENGINE SHOULD BE IDLEING
3743 IF (TIM-T12)519, 516,52 OR IN GEAR

If the engine is idling, IG1 is set to 1. If it is in gear, IG1 1s wel to

. So far it makes no difference subsequently whether IG1 is 1 or i,
Possibly later modifications may utilize this.

For the base case driving cycle, the idling comes before the driving. The
cwrrent engine speed, OMBG, is compared with the specified idling engine
speed OM1, The valve setting for the additlon or removal of gas is dia-
grammed. in Figure 4.5. Three valves are used in series (goe Figure 4.6).

Valve 1. A slide valve which 1ls open between iu5° from bottom dead center of
each piston in the four cylinder array. The opening of' these fowr sllde
valves relate to the engine angle as followss

Table 4.1

ENGINE FRESSURE ADJUSTMENT SCHEDULE

Engine Angle Number of Cylinder Number of Working
degrees with Slide Valve Open Space Having
Pressure Adjusted
315 to 45 1 4
45 to 135 4 3
135 to 22F 3 2

225 te 315

r.
—

Valve 2. A throttle valve which is closed when the engine speed is cxactly
the desired speed. At a speed diftercnce, FBIS,on elther side of the speed
goul, the throttle valve becomes tull open at MIR,

Valve 3. A switch valve. The throttle valve 1o connccted to the high
pressure reservoir., When the englne speed ls below the deslred speed and
to the low pressure reservolr when the engine speed 1o above the deslred
speed.,

The author fecls that this control scheme is reasonably realistic and similar
to control schemes actually used.  Other control methods can be subatltuted,
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375t C ADJUST ENGINE PRESSURES TO CONTROL SPEED WHILE ENGINE IS IDLEING

I7ET 519 161 =1

3771 IF COMEG-0M1) 030, 840, 040

3781 £40 IF¢OMEG- COM1+FB18) Y041, B4, 042
3791 42 MIR1=MIR

3600 GOTO 843

IV B4 MIR1=MIR»(OMEG-OM1) /PBIS

T2 B43 X=PRL

3931 GOTO ©55

3641 ©30 IF (OMEG- (OML ~PB18) ) ©31, 831, 832
Ie51  B831 MIR1=MIR

2861 GOTO 633

Jg7: .832 MIRL1=MIR*(OM1-0OMEG) /PBIS

IB0: I3 X=PRH

3891 055 CALL MASS(IG3, PX,MIR1, DDT, Xs P1, EADEG)

The above programming sets up the subroutine to caleulate which compnrtmont
1o to bave s gas inventory adjusted and by how much, Since this ls tho
first time the subroutine is used, it will be oxplalned here,

For vach time step one of the four compartments has gas added to or removed
from 1t. The gas 1o added at inlet cooling water temporature to the adlabatle
cold space. 1t is removed at the same place 1t 15 added.  The worklng spaco “
that has recolved the gas change 1s noted by setting lag 163 to 1, 2y 3o 4, ,
In the provious programming X ls set at the high resarvelr jressure, FRH
(Line R/E) or the low resarvolyr pressure, TRL.(1ine B2) . The pressure In
the working space  that ls  having lts pressure adjusted, PX, approaches
wressure X oxponentially with a time constint MIRL. MIR1 1s wset by the arror
in englne speed, OMEG, compared to what 1s deslred (see Flgure Q.ﬁ) ¢ Sub-
routine MASS 1o also callod from 1line 440 where the contrel is from vehlele
speed rather than englne speed.

orlginally, al thig polnt the mass of g in the working space was adjusted,
thus the name. By experlence, 1t was found that the pressure must bo
adjusted Instead to aaintadn nunarical stability,

R SHRRDUTTNE MRSS 1 L Pl MIRL. POT. K P ERDEGD
AN DIMENSINN PGS

ane FERL M2 MTRY

ey TECEANE G35 Y2, Sy, f93

S oan TECERDER=17% o282, 28D, 0%

eI B LTy T ERDER=D05 g By, any
e BT TE EAREG~T1% norm, anem, N

e VRS CHENGE TN HORE THR TPRCE

e nEE m~ 1

LK P e B L LR - TR T
TR GO TR

Qe U CHENGE TN MORFTHNG TPERCr 8

RN R Y] L

BN Pl B U - MTE LD DT
L N TS




= ¢GRS CHEMGE TH WORKFTHG SPRACE T

= S T

IR Pl TR T T LR TR BT
= GTOR™e

BTE FOGERE CHAMOE TN WORE TG SPATE

e e AR

SR B s B O et B e M TR, DT
ST wRn FETHRM

Gk M

The final thing that necds to be done in this branch of the program wherc
the englne is not in gear 1ls to find the new engine speed. This computa-
tion was delayed till this polnt so the 0ld engine speed can be used to
adjust engine pressure,

3903 € COMPUTE NEW ANGULAR VELOCITY
3913 OMEG=DANG/DDT
3822 GOT0 S0l

For the case where the engine is in gear, a more complicated set of deter-
minations are required. This also is dlagrammed in Figure 4,5 (1ines 393-449).
The first thing is to set the gear ratio (lines 395-420) . The equivalent of

a clutch is modeled by having the gear ratio change from 0 to the first gear
ratio RGE1 in the specified gear change time GCT. The programming specifies

a linear change in this ratio. Flgure 4,7 shows how the cther gear ratios

for the second or third gear are applied depending on the vehicle speed. A
linear change over the same gear change time is programmed in.

RGE3=2.00

One Second Gear Change Time

Second Gear RGE2=1.00

Gear Ratio,
Meters Traveled per Revolution

RGE1=0.54

Engine Speed , Meters/Second
N K — 13.54

Figure 4.7, Gear Ratio Control.
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2T 0 EMNGINE AMD YEHICLE CONTROL WHILE EMNGINME TI%.1H GERRF
g a4 IGLeR

A% 0 GEAR CHANGE TIME APPLIER TO ALL GERFS
A= FFRONGODLVE, 171,172

Tav. 4TA IFCTIMN=CTI2+G0T 2 YRAH, 9041 - 3681
TRR: QN ROGE=CTIM-TI2 " REGELAGOT

99 GOTO 248

BYCTE I o) IF CSPYL-AER2YARE, D85, 365

ST b IR 15 1 FUE=RGEL

4R 0T 316

C 15 GO 15 L NG =@

44 TIML=TIM

405 GOTO <18

B 15 LA R TFCTIM=CTIMAEGIT Y v LEl, 48T, 1™
447 182 RGE=FGEL+ T THM-TIM: Y& RGEZ-FGEL M AG0T
408 GOTO 918

40% - L&D CONT INUE

G168 IF QP =WSPIVRRT, S0R, 962

411 Aav FHE=RGER

412 GUOTOD [1a

447 an= NGT =1

414 TIMM=TIN

15 GOTN Q4@

d1e-  4T2 TEOTTIM=E TIMLHGECT a8, a7, 10T
417 LER

412 GOTO 1R

419 &7 FGE=F3EZ

420 GOTOR1A

Once the gear ratio is determined, the eftfective vehicle inertia, VIN, 1s
detormined. This eguation was derived in Section L,2,0.

474 © APDITIONAL EFFECTIME ENGINE TNERTIA BUE TN YEHICLE ATTACHMENT
4007 BRG] VTHAMTWEORGE, Y E &P T4

Next, the scheduled vehlele speod needs to be determined to dectde which woy
the control will go. Resident in the program is a ramp change 1n vpoeed

from soro to the crulsing speed followed by a steady crulsing spoed unt il
the end of the driving cyele.

407 ¢OFIND SEHEDULED WMEHTCLE SREED
SR TECTIM=-TT AL M1y =l
AP P SED-SEME T TR CTRE
I I GOTEE Ay
SO N SRR

The adjnstment of engine pressure Lo control veblele speed In sltandird In
antomotive Stirling englnes,  Othor things 1ike dead volume contrel or plo-
ton vtroke control can be added as options al this point.  The control
schome 1o parallel with that used Lo control englne speed during tdle,

(See Fleare 4.5.) 1 the vehtele speed, SV Ta within the proportionad
bod off PRVS of the ccheduled vebilele speed, SPVIY, then the valve cetting
MIRL o proportionad to this crror, 10 the error s beyond this band in
eltheor divectlon, the valve sotlUing To MIK,

'
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Onco the valve mettlng ls detarmlned, tho switch valve to conneat the.ongine
space to elther tho high preasure reservolr or tho-low prossure roservoir is
set by makling X elthor PRL 1f gas should come out of the ongine ox PRH Af
gas should. go into the engine, Once this 1o detormined the subroutine masno
1o called bocauoe twe differont parts of the program uses it, Subroutine
dotermines which onglne cempartment gets or giveo the gas., It idontifioo
this working opace for lator uso (sets IG3) and determinos the new prosoure,
PX. The subroutine han already .beon oxplainod in this section,

428 T ALJUST ENGINE PRESSURE TO CONTROL YEHICLE SPEED-

425, BeT IF (SPYL~SPYD ) SIA, 940, 940

470 248 IF ¢ SPYL-CSPYDAPRYS ) Y9441, 941, 942
471 @4 MIRL=MIR

4332 GOTO 243

437, B4y MIF =M IR ¢ SPYL=SFYE Y APRVS

474 @43 H=PRL

435 GOTO 855

47 AR IF CSPY - SPYD-PRYS) »324, 931, 932
477 8Tt MIRL=MIF

47 BOTO 222

479, A MIRL=MIR#® SPYD-SEYL ) PRYS

PRI & n=PRH

441 ans CALL MASSETET. FY MIRL, DOY. ¥, P1, EADEG)

Next,.the rolling friction and air friction are determined. The rolling
friction, RF, is in Newtons of retarding force applied to the vehicle., The
formula used is from Reference 1, The air friction formula is from the
same source., The original rolling resistance formula isg ..

R=(W/65) 1+ (1.4 x1072V) + (1.2 % 1077 v9)

where V 1s vehicle velocity in feet per second and W is vehicle welght in
pounds., R 1s the rolling friction in pounds force.

Units and nomenclature have been converted tos

RF = rolling friction, Newtons
MIV = inertial mass of vehicle, Kg
SPV1 - vehicle speed, meters/second

The alr drag specified is for a combined drag coetficient times frontal area
of 12 ft= - 1.12 m“ == AFR, The alr triction is determined by the formulats

where AF  alr friction, Newtons
P - alr density at 300 K

29 @/e mol x &0 x 1000 1 m%
RSN Qol * 300 © 1000 /Ky
LoA7?4 Ke/m-
AFR - frontul wreu times flow cocfticient, m
SPV1 - vehiele spoed, m/uee
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Thus, AF - MEZ-% (AFR) (8PV1)°
In ONTLA, KAR = 0,59 (AFR)

Thoe rotarding torque that the rolling and alr frietlonn of tho vohlelo apply
to tho engino alco deponds upon tho goaxr ratlo RGE,

d42 - 0 TORDUE DUE TO YEHICLE FOLLING FRICTIOMN, BIR CRICTTON

G FE=MTWECE, L5040 QRS LOPYL SR AROE LD SE T 4400
i FIF =k AR SR 42
BT T = RE+AF VR GES 2 wF T 4

Finally, after all the uses for the old engine speed (angular veoleity) and
the old vehlcle speed have been applled, new values for both of those are
calculated in this part of the program. The engine speed, OMEG, is calculated
the same whether it is in the idling or in the in-gear partof the program.
However, they cannot be combined because In this paurt the new vehicle speed,
SPV1, depends upon OMEG and also upon RGE, the working gear ratio,which ig
only defined in this part of the program.

43 T COMPLITE MEWM RAMGULAR WELOCTITY

447 DMES=DANGADOT
442 O CNOMPUTE HNEW YEHITLE SPEED
d4a- SRV =0MEGHRGE S C2 P T

Now the two parts of the program come together. At this point a check
display to the screen 1s included so that the operator may monitor the solu-
tion more accurately than the graphical display does. (See Section 6 for
additional details.g

450 © ONE LIME CHECK DISPLAY TO SCREEN

4654 SEL MRITECS, SRZAYTIM, CFF, REY, OMEG, SPWL SPYD, RGE. NGU
452 2E3Za FORMATLPESR 2. 120

Whether the engine is stopped, idling or in gear (see Figure 4.4), the
cumulative time counter, TIM, 1s incremented.

452 © INDEX TIME
454 TIM=TIMEDDT
455 CaedsBEND ENGINE AND VEHICLE CONTROL SUBRPROGRAM FART L

This is the end of the explanation of the engine and vehicle control sub-
program-~-part 1. Explanation of the other two parts will be given as they
appear in the program.

4,2.7 Burner and Conduction Subprogram

This subprogram along with part of the control program 1s the only one opera-
tive when the engine is stopped. It takes care of controlling the uverage
temperature of the heater tubes at the targel temperature and figures heat
conduction through the engine to the cooling water. It also computes the
translient response of the air preheater.
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Thip cubprogram will bo oxplalned in the ovder of caleulatlon, Howover,
bafore yory much 1 thin subprogriam will make senso, Lho nomenelature must,

ber oxpladnod,

G207 1 Nodal Organdsntion

Plemro B8 shown o sehanatde of tho burnor and alr prohoster,  Blght motol
nodos o choson sineo thin plvos rapld compulatlon and ronconallde aveurney
(oo Appendix A) . Tho metal node tomporatiwoes n tho o proboater kX (1)
Lo BX(8) must bo Inltiallsod to amblont or whatovor Lho input £11lo suys,
(Bow Boallon 4.2.2,).

4]
ool

Fuel

TIN(8)

Burner

~TIN(1)

L)
N
S
a
—
[
|

—~TIN(3)
—TIN(4)
- TIN(5)
~TIN(6)
- TIN(7)
~TIN(9)

Preheated

Ambient
Air
Ex( )

Flue Gas

B s v R s e s e “

2 ¥ 2 ¥ 8 8 R =9 Fla

= 2 9D = > ) =3 =2 =2

E.BE B B B g & & ¢ ae—
Air Preheater - TM(3,1) TM(2,1)

Gas Heater

Flpuwre 4.8, Burner and Alr Preheater Schematlc.

Flgwure 4,9 shows the metal node nomenclature for the engine needed for burner

heatlng, heat conduction, and engline operation. There arc 8 metal nodes
defined. Buach nede has the following propertless

{. o temperatuare, ™(X,Y), X

2w location, W(X,Y) in em? of pgas volume from the hot end of the
engine to the node point

3. o thermal conductivity, KM(X), from the node point to the next
lower one, w/em K

4. 4 heat capaclty, OM(X), of the material swrrounding the node point
to half way to the next node point, W/K

In the above list the agruments of the fowr wrrays defined weore listed as
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X and Y, In ihin onpo ¥ 1o tho mmbor ol meatnl nodon, 8, nnd ¥ 1in tho
nmbor of working npacon in Lho ongine,. #,

Tho s volumo nomemelntvro for the englue 1o alno nhown on Flmwo Y,
VHA(X,Y) 1n tho variable het volumo which 1o aosoumod to bo adinboatia,  Thin
0 vory goad asoumptlon oxeopt tor noomidl portion of esah eyalo. Ao
for tho boptuning and ond of tho timo atop and ¥ in far the four eylindern
of' tho ongluo,

Similurly, VCA(X,Y) in tho virlable cald volume anoumod Lo bo adiaboatle,

Tho connbant dend volunon aro uloe ldontiilod In Flguro 4,9, Tho gan in
thono volumon 1o anmumed to attaln motal temporatuo oneo ouch eyelos  In
the ongine torquo and internnd hont ranofor oubprogeam, the noat tranostoreoed
0t ooneh motal node i computed for thin equilibration, Altorward tho lompori-
fon of 4ho motal noeden are adjuvtod bocauwo of thius hoat trannfor., Fov

well doslpned enginosy the apsumptlon of {pothormul vpuces in all oxcopl

for the varlablo velumo spucos 1o fulrly good. The appumption wan mado Lo
spead up tho caleulutlon,

Phe thermal conductivity attached to metal nodew 1 to 6 1n tho watts of heat
that would pass por UK of temperature differonce. Tt pertoalns to the path
toward thu next lower node number, Note that theso thermal conductivities arw
the sume for all cylinders.

The heat capacity attuched to metal nodes 1 to 5 dotermines how fast the
temperaturce of wech node changes due to thermal imbalance., All metul node
temperatures are adjusted each time step due to external convectlon und metal
conduction.

4,2,7.2 Heater Temperature Control

Now we will proceed with the explanation of the program.

The tirst thing is the indexing of the metal node temperatures in the alr pre-
heater. In the unified printout (see Section &.2.4), the temperatures of the
alr (TIN(I)) and the flue gas (T0U(I)) (see Figure 4.8) relate to the original
air proheater metal node temperatures, EX(I), rather than the metal node
temperatures at the snd of the time step EY(I) after heat transfer has 1
taken place., Therefore, this indexing is done at the start of the subprogrum. ’

456 Cokedd BUPNER AND HEAT CONDLUCTION SUBPROGBRAN
457 © 1..DEM AFH METAL NODE TEMPERATLIRES

S50 - Doo2Rse T=1.N

459 aR5H ErcTve=EYCTh

Noxt, the avarage temperature for the gas heater metul at the start of the
time step is tfound., According to Figure 4.9 the gas heater has a node on
euch end of each of the heaters. These temperaturcs may be difforent due to
different conduction uifects or the effect of the gas flowing inside the ‘
engine., An average is tuken of the temperature of all 8 metal nodes (2 ;
for wach working space) . !
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o FIND AYERAGE HEATER TEMPEFATURE FOR COMTROL PURPDSES
gt RTNIN TR L TROT TR, 204THET 20 THED, 20eTHME S, Z94THE D, 45

e PATHe 7o e e

Thon the Lemporatuvo orrer 1o dotormined and the aurront fuel flow in dolop-
minod fram 1 by o propartionnl oontrel algoritim, Pleuro 4,10 nhown Lhin
rosponne sehome, T oo plnplo proportdonal band contval vehomo,  Tho
avorapo tomporaturo will always droop o b bolow the pondl,.  Botlor contyal
nehomon cian bo pubs bV atod 18 noodody The aol aoage from Lhe olart 10 oo
acevmwlatod,  Tho comalativo faol woige, PURL, So IndLindieod on 1ine of6 of
ONTLAL - Thoroforay, Lho valuo for tho ounndablvo ol vonge Wi shawn ot tho

ond of Lhe progeam,

Full Fuel }<“TPB. H0K~
Flow, FFF

CURRENT FUEL FLOW, CFF, G/SEC.

Fieare 4,10, Gontrol Schome tor Iingine Hoators,

*
Pilot Flow,
0., 01%FFF
AVERAGE HEATER TEMPERATURE, TA, K
L1}




e e ret APEAFTEE TR T T T

467 € TEMPERATURE ERROR ¢FOR COMTROL

A TE=THMG~TA
465 ©  FHRRENT FUEL FLOW
A6 ! IF (£ TE Y408, 4685, 406
467 4685 CFF=0, BLeFFF
460 GOTR4RS
460 ARG IF ¢ TE-~THE AR, 487, 467
A7F A7 CRF=FFF
. 471 GARTOGEE
' A7 AR CEERERF4#CTE “TPB
g 475 489 CONTINLE
474 FUEL oFLIFL +FF BT

b,2,7,9 Hout Teanulor Faotor Quloulation

Thin noxt part of the vubpregrum hao to do with coleulating hout translor
footors to wse 1n computing hoot tranotor in tho sy prohoater and to tho
onglne howtor tubos, . Sinco thio procows iu complicutod anhd vinco the rooulte
involve vorrolutions that ure only good to +207%, 1t wau doclded to o tlrough
11 once at tho bLoglmnling and then go throueh 16 aguln when the fuol {flow hav
changud moro than 208 in edthar direction, Tho followlng shows tho L1 vlatoe-
mmmuumtdhm&wmechMuum\mwmdtMupmwimeJ<GWW:MH.

476~ CHANGE HERT TRANSFER FRTTORS IF CFF HAS CHANGBED SIGHIFIFANTLY

476 IFCOFF-CFLY 404, 426, 420
477 i IECCFF=CFHY 420, 420 487 ‘
This next part gives the basls for caleulating the heat transfer factors {or !

both vides of the alr preheator and the gas heator. First, the alr flow ond
the heat capacities must bte determined. With the fuel flow specified, the
alr rlow is specitied in order to glve 10% excess air, The alr fuel ratlo
was based upon normal octone as an average for the tuel actually used. The
combustion equatlon lst

OuH,, + 12.5 0, + 1.25 0, + 51.73 Ny==8 G0, + 9 H,0 + 1,250, + 51.73 N,

3718
108
excess
: g
z On o one gram mole basis the fuel burned welghs 114,14 g and the alr used to ;

burn it welghs 1889.47 g. Theretore, for these assumptions the ratio of alr
to fuel, RAF = 16.55 as given in the base case., Using this soame chemical
equaticn the heut capaclty of the flue gas wao averaged as f'ollowss

= co., 8 x 11,94 = 95,52 ?
H.0 9 x 9.20 = 82,80
E o, L5 x 7,94+ 9.93 )
. N LLE3 X750 36,98

[

ov,68 @ mol o282

Avorage 11lue gan heat copacity - 5%8:%; = 3,23 cul/g mol C
L]
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The molecular weight of the flue gas 18 o8 .63, Therefore, the heat capaclty
of the fluo gas, CPFG, in tho units used in this caloulation is 1.20 j/g K.
The heat capacity for alr, CPA, 18 1.03 j/g K. Thesc values are glven in the
program and car only be changed by revising the data statement (see CNTLB

- 1ine 32).
o Given the fuel flow, the air flow is determined, From the air flow, the

mass velocity, GAPH, of alr in terms of grams per second of alr flowing per
em? of flow area is computed. Next the Reynolds number 1s defined, That is,

RE = DEQ (GAPH)
(viscosity of air)

The equivalent diameter, DEQ, of the rectangular flow area is calculated as
L times the flow area divided by the wetted perimeter.  (See line 669 of
CNTLA.) The viscosity of air at 700 K is about & x 10~* g mass/cm sec. The
reciprocal of this, 2500, is used to compute the Reynolds number, RE.

a472: © HEAT TRANSFER FACTOR. AIR SIDE

4732 48z GRPH=CFF#RAF “AFAPH
. RE-Tc R PE =DEQ+GAPH+25B6.
~ 491, LELL STANTHIRE, STHM
| From the Reynolds number, the heat transfer coefficient is calculated by
' means of the correlation shown in Figure 4.11. This correlation is used for
2 both the air and the flue gas side of the alr preheater. It is subroutline
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Figwe 4,11, Heat Transter Correlation Used for the Air Prehcater ().
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The output of this correlation is tuken as the Stanton number times the
Prandtl number to the two-thirds power, the wall temperature factor is ignored.
Thus,

- h 2/3
ST - TRy (R)

At 700 K,the speclflc heat at constant pressure for air, CP is 1.0752 and the
Prandtl number of 0.864. Thus, the heat transfer coefficlent iss

h = (STN) (GAPH) (1.19)

In modeling the alr proheater a number of diff'erent mathematical models were
tried. It was desired to have something simpie but still take into account
the transient heat up of the alr preheater startiang at the hot end. The
scheme that was chosen is shown in Figure 4.12. It is assumed taht the air
preheator is divided into N cegmenta, For the main program N was chosen as
8, In Appendix A the offect of N on the accuzacy of calculation 1o dlccussed.

Engine Heaters

TEMPERATURE

LENGTH
Flgure 4,10, Alr Prehoeatoer Galeulation Scheme,

8
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In each segment the alr and flue gas are separated by a plate with a congtant
temperature for that segment, It would be more realistic to assume a con-
stant temperature gradient but the mathematical formulation was too compli-
cated and would involve an iterative solution at each time step. The method
chosen will be sufficiently accurate except at very low flows. Note that for
each node both the air and the flue gas temperature approach the temperature
of the alr preheater plate. Both of these processes involve heat transfer to
or from the plate. Then there is the process of conduction from one metal node
to the next. In CNTLB the temperature of each metal node, EX(N), is changed
after both air and flue gas heat transfers are calculated. In WARM (Appendix
A) metal temperatures were changed twice and heat conduction along the metal
was ignored.

The calculation starts by setting the metal node temperatures, EX(1) to EX(8) .
The inlet alr temperature, TIN(1) is taken as the ambient air temperature.
TIN(2) is calculated from TIN(1) as will be shown hereafter. TIN(3) is
calculated from TIN(2) and so on up the stairs to TIN(9), the temperature of
the air leaving the air preheater. This preheated alr burns with the fuel to
produce a gas with a temperature FLAME. It exchanges heat with four sets of
engine hedters which may have different temperatures due to the internal
werkings of each part of the engine.. Each engine section has a metal node at
both ends of the engine heater, It is assumed that the same heat transfer
coefficient applies to all heater nodes. The flue gas leaving the englne
heaters has cooled and may be at different temperatures. It is averaged to
become TOU(9). The flue gas is now cooled down along the stairstep air pre-
heater in the same way the air heats up. Finally, the temperatures of the
alr preheater metal is adjusted due to air and flue gas heat transfer and
metal conduction. Also, the temperaturec in the engine are adjusted due to
metal conduction. In another part of the program which 1s active when the
engine rotates the engine metal node temperature will be further adjusted
due to heat transfer with the working gas. In all these calculations the
time step must be small enough so that the metal node temperatures do not
change very much each increment, If they did, calculational instabilities
would build up and destroy the simulation.

For the first increment in the heat exchanger, the heat transferred from the
metal to the alr, 4, can be expressed two different ways.

H = GPA x CFF » RAF % (TIN(2) - TIN(1))
N —— I ——
Heat Heat Alr Flow Temperature Rise
Transfer Capaclty
vatts /e K g/sec K
and
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s AL s i

(Bx(1) - TIN(1)) - (BX(1) - TIN(2))

Hr—-h*Ah* ” EX(1) - TINCL
EX(1) ~ TIN(Z2
where h = STN ¥ GAPH % 1.19
A = LAPH & WAPH *  NAPH « 2/N0
length width numbexr 2 number

one way sides of nodes
When the above two equations are combined and solved for TIN(2), the result iss

x(1) - B - TIN(1 (1

TIN(2) oxo(X

il

UXX % STN % GAPH * 1,19/CFF

Uxx — LAPH * WAPH % 2 % NAPH
NO * RAF % CPA

i

whexre X

In evaluating Equation 1, it is easily possible for X to be large enough to
overflow the number size limit of a computer. For the Altos Z 80 based micro-
computer used to develop this program, exp(32) was about as large as the com-
puter would go without giving an overflow error, Therefore, if X > 32, it is
made equal to 32, Therefore, the heat transfer factor is:

XY = exp(X)
and the final equation to find the air temperatures in succession iss
TIN(2) = EX(1) - (Ex(1) - TIN(1))/XY
Similariy, TIN(3) is calculated from TIN(2) and so on to TIN(9).
All of the above is necessary to explain the programming lines below, to
find the heat transfer factor for the air side of the air preheater. The

constant UXX is evaluated on line 673 in CNTLA and brought over through the
data file.

5 S e Wl e S THNHGARPH+L . 13 /CFF
D IFf GT. 32 3M=32
4 HY=ERP (4

The heat transfer factor for the flue gas side of the air preheater is cal-
culated in the same way as the air side. The flow rate is greater and the

heat capacity ls greater. A quantity UXY analogous to UXX is brought over

from CNTLA and used here.

425 HERT TRANSFER FACTOR, FLUE GRS SIDE

4@6 GRPH=CFF ¢ FAL Y "AFAPH
4§? FE=DEOHGRPHY 2SR

4§3. CALL STANTMCRE. STNY
459 HEATHAGAPHAL 194y CFF
420 IFe BT 32 v #=32

41 RG] el <D
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Next, the heat transfer factor, XH, for the flame heating the heater tubes
must be calculated.

Direct flame heated Stirling engines always have the outslide heat transfer
coefficient controlling.

The equation and the values assumed to be valid for this case were taken from
Table 4.2,
Table 4.2
EQUATION PARAMETERS USED FOR
HEAT TRANSFER TO GAS HEATER (3)

llml),, ]./ == (lz( I).,(l'l.|..\i“l-‘/"": I/ z2 g — l:l; [N P

1
, U r =125 sr=15 . ar=2 % oy =3
I3 .
X1 = 57 - -
b, : ' i ' :
hae o by w0 b on b, n
Staggered: . l i .

o600 L. ! RS o ) 0203 0wl
o900 o S T R VR TR (I B Y0 [V I B I 3

1.000 | ..... PR A § I 11 R S R A i
1125 | L I COOATR 0 ABH 0 BIN 0 56N
1.250 0.5H18 i 0. A% l 0805 0 5H1 0 DY 0 3D 1).522 0 h62
1 500 0,450 0 508 10 160 - 0 362 00 152 00 5, 0SS S0 hUS
2.000 0,408 | 0,572 0 0416 1 0 S68 10 1820 636 0.1 0570
. 3].(1()() §0.310 (l.:’i‘.l‘.’!!! ), 3506 : ) 580 i 0.110 ! 0.H62 ‘ 0 421 ‘ 0571

n line: | ! ' ’
1.250 0318 1 0502 1 0275 0 GON 0 100 | 0 TO4 ;. 0.0033 § 0 752
1.500 G867 L0886 L0250 0 G20 . 000 0 Te2 0 0TS 0.7
2 000 0 418 1 0.570 0.200 0 0 G021 0 22000 6327 0 198 D0 6IN
R.000 | 0.290 ¢ 0 uulg 0357 0 A1 0 BTI 0 AKRE 028G 0GOS

1 ’ W ] i

xr, = 81./Dy; 0 = sv/D,.

In the 4123 engine there is one row of heater tubes. In the P-40 engine there
are two rows widely cevarated. Assume that the pitch to diameter ratio is
1.25. That is, each tube is separated from the next by a space % the outside
diameter of the tute. Assume that the transverse pitch is large, say, 3
times the outside diameter. Also, assure that the heated length includes the
front and back row and negligible for the bend. Thus, the gas heater
minimum flow area ist

ar - D0H o« M o v 4
‘\~cylinders per engine

= DOH * LHH * NTH/2
Theretore, the maximum mass velocity ist

GMAX = CKF * (KAL) /AMF
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At 1000 K the viscosity of air is,

be ™ 6 X 107 g/cm sec
and the thermal conductivity iss

ke ¥ 7 x 107 w/em X

Therefore, by substituting into the equation from Table 4.2 and simplifying,
the heat transfer coefficient is found to bes

. DOH * CFF * RA1 ,
UH AMF % 00608~ ™ 0.592 * 0.00022/DOH

It 1s also not necessary to evaluate the heat transfer coefficient every
time step since it changes little so it is grouped with the evaluation of the

heat transfer coefficient for the air side and is only re-evaluated when the
flow changes appreciably.

Each part of the engine may have a different heater temperature depending
upon what is going on inside. However, it is assumed.that 4 of the flame
passes through each of the four engine sections. For each section the heat
transfer can be expressed two ways (see Figure 4.13)

By temperature changes

H = GE « Rat * cPRG * (FLAME - T3A(Y))
And by heat transfer:
Let X = (M(2,Y) + ™M(3,Y))/2

H=UH % A » (FLAME - X) - (T3A(Y) - X)

FLAIE - X
in (T3A(Y5 =X \)

Combining the above two equations glvess
T3A(Y) = X + (FLAME - X)/XH

where UH * AH * 4
AH -~ exp ("c‘ﬁTT’Ez“‘ )

AH = PI * DOH * LHH * NTH
CZ = CPFG * RA1

It the argument of the exponential 1o greater than 32 it is

3 made 3 to pre-
vent overflow in the computer,




FLAME

TEMPERATURE

Heater Tubes T3A(1)

DISTANCE

Figure 4,13, Gas Heater Heat Transt'er Scheme.

All the above explanation is necessary to show how the heat transfer factor,
X, 15 computed and used. The programming iss

A r HERT TRANSFER FACTNR. GRS HEATER

4a LH= DO T FESPRLCAME, . BREE 647 S92 490 BRR22,00H
NEN L TR, FF e

A TECIL AT 70 0 M=

e HTENE

Lvery time the heat transfer factors are caleulated the tlow bounds must
be recalewdated,

RS0 RFESET FLOM BOLNGS,

[ R sl rFH‘:-!_ :4’:".‘:

R CFL=0 =4 FF

4,007 0% Alr Side Toemperature Calenlation

Now that the heat transter tactors are caleulated (1t they have had to be),
the temporatires through the atr and flue gas eirewdt can be qulekly doter-
mined.  In o this calealation 1t s asosumed that the Lhormad lagr due to heat
capacity ol the metal parts 1o so Important that the added compliciation ot
rlawinge transit tines For the pas around the clreutt is not necessi'y .
Theretore, steady state temperatiwres are calewdated tor the gas side, Gal-
culation starts with amblent alr at the Inlet to the alr preheater and works
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around the clreult, Flrat, tho alr temperatwresn in tho prehontor nre enleun-
latod sequentlally as has alrondy boon explalned,

TR T CALCULATE APH AR TEMPEFRURES

G0 420 [ 427 T=1, M

L S Bl TIHCT L fr Do S T =TI T iy
2. Burnor Galculation

Noxt,. the preheated alr enters the burnor. The tomperatwre rise 1s glven by
the equation

LHV * 1000 * CFF ~ OFF * (RAF + 1) * CPFG * DT

heat supplled by heat absorbed by flue
fuel. combustion, gas temperature rise,
watts watts

which reduces tos

— LHV * 1000
<~ {CPFG) * (RAF + 1)

LHV = lower heating value of fuel = 46,432 Kj/g
- 20,000 BTU/1b

CPFG + roat capacity of flue gas = 1.20 j/g X
RAF = ratio of air flow to fuel flow, j/g

(RAF + 1) = ratio of flue gas flow to fuel flow. .« o cmmmmmr e s

CFF = current fuel flow,. g/sec

DTZ = temperature rise in flue gas temperature
(neglecting disassociation)

Note that DT2, in the simple way it is calculated here, neglecting disassoci-
ation ard heat loss through'burner insulation, is not dependent on flue tlow.
DTZ comes from CNTLA, line 671.

SAT © FIND FLAME TEMPERATLIRE
S04 - FLAME=TIN¢N+13 40T

4,2,7.6 Heat Transfer to Gas Heaters

Next, the four effluents from the heaters are calculated as has been explained,

@5 DETERMINE OLNLET FLUE GRS TEMP FROM HERTERS
SO DO =7 I=1.4

Sa7 AECTMOD T ATMOT, T2

SR8 477 TEACT Y =+ FLRME -4 5

The tlue gus temperatures are averaged and the one outlet temperature,
TOU(N+1), is obtalned.

503 AVEFRANRE FLUE GRS TEMPERPATURES
516 TOUCH+L Y = TZRAVAYATIACINVATIAIVATIAC G v 1 '
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4,2,7.7 Fluo Gas Side Temperature Calculation

nally, tho fluo gas tomperatures down the stalrstops of the alr prehoator
are caloulated an has been explalned.

ey © 0 FUIT FLUE GRS TEMRFRATURES THROLIGH ATR PPEHEATER
i [dte T=10 M

a1 bot=T40

b I T T 1 FONI R B e TR L e F I b

4,2.7.8 Metal Temperature Adjustment in Alr Preheater
Next, the metal node temperatures in the air preheater must be adjusted for

heat transfer and conduction. For the first node the heat lost, in joules,
to the air iss

X = CFF * RAF * CPA * (TIN(2) - TIN(1)) * DT
The heat gained from the flue gas ist

Y = CFF * RA1 * CPFG * (Tou(2) - TOU(1)) * DT
The heat gained by metallic conduction iss

EX(2) - EX(1
= * * H. %
27 = KM % (TMAPH * NAPRH *.NAPH % 2) * e * DT

Z% = KAPH * (EX(2) - EX(1)) * DT
The heat_capacity of most metals on a volune basis is about the same,
500 j/cmBK. Thus, the heat capacity in each metal node iss

LAPH * WAPH * 2 * NAPH * TMAPH * 5.00
NO

CMAPH =

Therefore, a heat balance on the first metal node iss
CMAPH(EY(1) - EX(1)) =22 + Y - X
Therefore, the metal node temperature at the end of the time step 1si
EY(1) = EX(1) + (22 + Y - X) /CMAPH
This derivation is different for the middle nodes and the other end nodes
but the concept is the same, It is assumed that the alr preheater metal is
not connected to any other heat source or heat sink except the gases flowlng

through 1t. Based upon the above explanation the following programming
calculates the new air preheater metal node temperatures.
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B4 © CHENGE APH METAL NODE TEMP. DUE T0 CONVECTLOM AND CONDLCTTOM

L6 po 436 1wl N

HLT W CFFHRAF CCPAN (T THE 1440 =T INC T D0 T
G WP FARALACPE G4 TN T+ 0=TOLIC TS S 4DDT
GIEE PEC Tt VAR, 4L 4T

Ban 45A IF ¢ 180445, 7L, 451

Pl 448 TRA P H BT+ = ER T DT

527 BT 452

5230 449 TEARH M T4 2, HERC T Tt kDT
gad- GATN 452

5250 491 22~ KAPHKERE T Y -EHE T3 0 a0t

26 452 CONT INUE

SE7: 430 EWE T YSER T 34 ¢ 22440 ATMARH

4,2,7,.9 Metal Temperature Ad justment in the Englne

Five metal nodes in each of the four parts of the engine tloat in temperuture.
They recclve and give up heat by conduction and by being heated by the
heater all the time., This part will now be explained.

Bach node as shown in Flgure 4,9 is o speclal case but the formulation for
calculating the same node in the four parts of the englne 1s the same., The
calculation for each engine metal node wlll now be explained,

Metal Node 1 is the metal around the hot space, half the way to the water
cooled portion of the engine cylinder. The thermal conductance to the

cooling Jjacket 1lst

KM * PI * DCY * (TCY + THC
KME(L) = A )

KME(1) to KME(6) are brought over from CNTLA .

The thermal conductance from the heater iss

af * %* DIHM * WTHM ¥ NTHM

The heat capacity of metal node 1 also involves the sume specitae heat capa-
clty ot 5.00 j/om}K. This heat capacity in /K degree change 1o computed as
tollowss

The motal volume of the end caps iss
X PI4 % 1oy xx ;% (THH + TCHC)

The metal volume of the cylinder wall belonging to the node ot
Y - PI * DOY ¥ (TOY + THC) ¥ HOL/2

The metal volume of the heater moani fold telonging to the noede 1o

do




e DT % DTN * WTHM % NTHM X LIIM/:‘

Thus the nodiad heat capnetty dos
CM(1) (% 4 ¥+ Z8) ¥ 0,00
GM(1) Lo eM(S) e brouphl over from GNTLA

I the cnlewlatton the metal nede tomporatures will be changoed oneo due Lo
Plame Pealing and motal conduellon and thon Lator o the program due to
toterned heat transtor,  One must have two vots of metal node Lomporatueen,
Baeh temperature Clgures tn soeveral cquattoni,  TH would not do Lo mix new
and old temperaturos in the caleulations, o metal node 1, forr the Line
stop DI, the heat lost Lo the cool Ing Jacketl laos

A KME(L) % (M1, 1) - TWT) * DT
The hoat palned Ueeough the heatoer manttold Yot

BOKMB() N (M, T) - N, ) N DT

Thus, o heal balancee of metal node L oglvess
OM(L) v (ML, DY - MM, k- A

Theretore, the new metald temporature due toone Lime stop's worlh ol conducttion

1iss
o R - A
™ 1 ™M J I\ a1y
MACLD LT+ |

Kote that (he 1 represents the rour eylinders which will have dittorent
internal heat transters,

G e NS FHATHE METAU NNDE TERES DHE TOOEnNGe BHE DTS TEE . CNRY

e RTINS RAC T L

N VMG e TR T e TR

B EpME S TR T T Y T
il I XER B § U TR B BN = B A Mot

Motal node 1 contered ot the gunetion between the heater maniftold and the
healor, 10 tnelndes balt the heater mnireld and bhalt’ the heater, Pertaln
e, to LU e thermal conduetanee KMISCL), already detined, and KMB( 3
fotween Lhe two ends of the heatery Thues

KM RN % TN (DOE Y - DTN YN NI

The beal capacily of netal nede o tuvolves the other Lalt of the heater
pant fold netal vobume, already calteubatod as by and hall o Ahe heater metal

volame whitel oy
X Py (DO ey o P A)YOCRTH oY LHES S
Py the nedal Peat capacity b
G Y e XYy e _
Ny {




In motal nodo 2

tho heat loan
alrondy eilondnt,
i

in Jowon rar th, ti
od an B,

o atop DNT 1o nodo i
The hoat 14

Lo motal nodo by vonduet.yon AT

A KME(3) » (MM(2, 1) - ™(3T)) % ppp
= The hanpt fodn due 4o tLamn honting Yoy

o [ ‘—’E‘— Y RAL AUDEG ¢ (pamp - 'f‘:m(ﬁr))] hAREEVA
;uncnluﬂJ‘of'Huwlmntlmom Lhe 1

WO T anoumod g (0 Lo nede 2 o ha'le 1o
nodo 3, Thorarope, by o hoat, balanee

() « (M1(n, 1) MEWI) - Ay
Thug, Hu>nmvtmumruMum mxmemu‘umhvmau%m'onetdmanUpuuwm%h(u‘
conduction ung external hout transfor 1

MIGGI) (o)« G- 4B

CM<L5

BT RvVMF'“44rTMfﬁJI%mTMf?-IWW#ﬁhT
G C=d PR Ay SRR PR e
nre
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THLE D T ey - Dhdimeme i oppge oy

Metal node 3 jg centered gt the junc

tion betwoey the heator and the regonoratop
manifold, It ineludes half the heater ang halt' the p
Portuining to 1t are t)

vgenerator manifold,

ermal conductange KME( 3) already detined ang KME(4)

ator manit'olq, Thusy

KME(Y) -

along the regener

KM * PI ~ DIy » WTRM * NTRM /LEM

S the other halys
f of the Legenor

The heat capacity of thigs metal node Involve
metal volume

' already calewlated gy X and hal

of the hegter
metal volume, Thuss

ator manitold

Y - PI % DIRM * yomy NTRM * LRy /» %
hodal heat Capaclty 1, .

M(3) = (x + Y)

In thigs hode tho heyt gain by conduction fyop netal nede » ia already cynl-
culated ay A. The heat gain due to flame heating 1g already calenlated o
Cv The heat loss by conduciia to metal node 4 g,

Thus the

* 5,00

B&JWEW)*(WC%D-
by o heat balance *
CM(3) » (INI(E,I) “M™M(3,I) A4 . B !

Thus, the he of metal node 3
conduction g at transtor 1ay

™(4,1)) ¥ ppp

Thurofore,

W temperature

attor one time o
nd external he

Sep'n wortl, of
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3,1) : At G - B
M3 = M) + Sy

~E FopMFEe v+ T S T a--TMed. Towe T
vy TR VT T o O TR T

Motal nedo & 1o eontorod ot Lho hot end of the rogoneratorn attnehod to oach
cyMudor, It dnelodon thoe headn on the Ropgenorndors, haldl tho rogonorator
mond foldn, and ono quartor ef the roganorator mulrix and ono guirtor of tho
rogonergtor wall,s  Perdadning Lo 14 ara thormnl conductance KMI(4) , nlrondy
doftned, i well au KME(S) botwoon Lho ot ond and the middlo of the rogonor-
ator,  Thuo

KME(5) - KM % DY % DR % KW * NR/(Lit/?)
+ KMX * DTy * DR %% 2 % NK/(LR/?)
The heat copacity of the metal node involves the othor half of the regonera-
tor manlfold volume nlready culeuluted as Y. The volume of the regonerator
headss Lo

X :- PIl % (DR + RWT) ** 2 % TRH % NR

and 4 the metul volume of the regenerator and surrounding cylinder wull,
Thuss

27 = PL % DR * RWT—¥ LR/W £ PI4 XDR_%* D> % LR/4 % JF
Thus, the nodal heat capaclty lsi
CM(4) = (Y + X + 22) * 5,00

In this node the heat gain by conduction from node 3 is already calculated
as B, The heat loss by conduction to the middle of the regenerator lss

A = KME(5) * (MM(4,I) - ™(5,I) * DDT
There is no exl.rnal heat transfer in this node. By heat balance
oM(4) * (MA(h,I) - ™(4,I) = B - A
Thus, the new temperature of metal node 4 after one time step's worth of

conduction lest

™14, 1) ™(4,T) + %ﬁiﬁ

:Zp. F-FMECS v THMed, Tr=TMeS. T v DT
a9 THICE TO=THY G T+ B-RY 20 MG

Metal node 5 is contered at the center of the regenerator and includes the
middle half of the regenerator. Pertulning to 1t are thermal conductances

KME(5) tetween the hot end and the middle of the rerenerugor and,KMES6) _
between the middle and the cold end of the regenerator. ince dependehce of

thermal conductivity on temperature is belng lgnored, XME(6) = KME(5).
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The hoat oapacity invelves half tho metal voluma of the rogenorrtor nnd
mmrounding eylinder wall, Thun, the hent eapnolty for thin nodo ing

OM(5) ~ 2 % 2% % 5,00

Tha hond goln from tho hot part of tha reponerator 1un alreudy colewlatod, A,
Tho hoat lono to the eold part of tho rogonorntor 1o

Bo= KMIB(G) * (MM(5,Y) ~ ™(6,Y))* DOT
By hoat balonco
eM(s) ¥ (M1(5,Y) ~ ™M(5,¥)) ~ A -P

Thus, tho now temporatwro of motal node 5 after one time stop's worth of
conduction lus

M1 (59) M5 *+ Gl
ELY Bk ME C A TS, Th=TMOE, T +0DT
G 4R THACS TraTHMeS T fe B OO

The value ™(6,Y) is always equal to ™I,
4,2,7,10 1Index Metal Temperatures

AL tMy point the new engine metal node temperatures, M1(X,I) ure trunu-
ferred to the old metal node temperaturc M(X,I1) which is displayed. When
the engine rotates, the metul temperatures ™(X,T). will be changed once
again. However, thiu time new and old metal temperatures will not be needed.

42 0 INDEY OF TMLd, T T0OTMAK, I0
L Doo422 b=l 9

Sidd Do 426 Tl 4

B4 THOR, To=TMLOK, T

Fid e e CONTINIE

47 g FOMT THUE

4,2,7.,11 Average Temperatures

Finally, average metal temperaturcs between the metal node points must be
caleulated. These tomporatures alno become the pgas node temperatures for
the lsothermal section of the englne.

::fti!:: ™ F"'I'IF;'HF"IF ’-‘!F'TK” TFr|1F|F:'F’|F4T|~||‘j"|F'.;“I () TEPTHET RN e

e ST ERE=S I SIS BN '

e P T L T

i B TR T T T T =t

LI THOCT T=Thee 1o

ST BES! T THOE

M Cadded ENOGOOE BPHENERS SN0 MEST OOt e TYop) o B2y ey

h,2.8 BEnpgine and Vehicle Control Subprogram (EVSC) Part 2

Part » docs one thing., It tusto tlag IG1. 11 the cngine should be sbopped,
14 returns to the unified read out (see Seetlon 4.2.4) . If It chould bu

TR ) W PR Sy W e ¥ o Y e W5



going, it goes on to the next section,

S5 CeweakCOMTROL PROGRAM PRRET 2
5< 0 TEST FLAG TO DECIDE MHETHER TO GO ON TO NEXT. SUBPROGRAM.. ... .. ..
RET TROIGL-1046L, 423, 425

4,2.9 Engine Torque and Internal Heat Transfer Subprogram

The engine calculation subprogram calculates the torque generated by the
engine for the conditions of temperature and pressure in each of the four
engine spaces and for the engine speed at the time. In order to speed up
the calculations, the following simplifying assumptions are mades

1. The gas pressure in each engine space is uniform.

2. Interral heat transfer between the gas and the solid is perfect in
the heater manifold, heater tubes, regenerator manifold, regenerator
and cooler.

3. There is no heat transfer between the gas and the solid in the hot
space and in the cold space and in the cold manifold.

4. The regenerator metal temperature is initially assumed to be linear,
but during operation the midpoint metal temperature is adjusted
so that the net heat transfer to the regenerator (metal node 5)
is zero.

5, The metal in both the heater manifold and the regenerator manifold
is assumed to have linear temperature gradients.

The calculations in this subprogram proceed in the following steps. Bach
will be explained as needed followed by the applicable program segment.

Step 1 - Calculate New Engine Volumes

The engine volumes for each compartment depends upon the engine angle EARAD.
This angle is determined from the last engine position and the angle incre-
ment, DANG, derived from a torque balance and assessment of acceleration.
This step gives all the variable volumes for the four working spaces and the
total. volumes for each working space. Figure 4.14 shows the spacing between
the rold end of each cylinder and the cold end of each piston for somewhat
more than one cycle. Note that at 0 degrees,; cylinder 1 (X1) has the power
piston at the cold end. Then at 90° engine angle, cylinder 4 has minimum
cold space. At 180° cylinder 3 has mininum cold space. At 270° cylinder 2
has minimum cold volume,

In the Siemens arrangement which is used in the 4L23 engine as well as all
the United Stirling machines, the hot end of one cylinder is connected to
the cold end of the next through the heater, regenerator and cooler. Figure
4,4 and Table 4.3 shows how they arc connectod,

Daniele and Lorenzo (4) have indicated thal gas can only be added to or
renoved from each working space through a timing slot in the drive rod.
Fer the purpose of this program 1t was assumed that these timing slots
would Le full open 45° tefore and 45° after bottom dead center. This ic
the reason for the addition, removal schedule given in the explanation
ol the engine and vehicle control subprogram,
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Table 4.3
ENGINE SPACEH NOMENCLATURIE

Working Space Hot Space Cylinder Cold Space Cylifidor
Numnber Numbor Numbex

1 1 2

~
~

)

3
3 b

b4

oW

1

The quantities X1 to X& graphed in Figure 4.14 are calcwlated from the for-
mula for a crank operated piston (5). From these the variable volumes in the
hot space, VHA(X,Y), and in the ~old space, VCA(X,Y) are calculated.

A
O

R RS TR NN N RO Y Y

il

[

CoakskkENGINE TORDUE BIND TNTERNRI HERT TRANSFER SUBEROGEAN
r STEP 1--PALCULATE NEM ENGTME AOLLME - |
425 L4 =CIPT ¢ K¢ P S TNCERFADRY ¥ 44 29 =FT 40050 EARAL -5

LB EART (MR- CFC S INCERRAMHE TN Y b 2= RE 4 D05 EARATE 10 -4

S SART R~ CRC S THOEARANSE T Y 1 443 1 =R T NS EARADSFT Y -4

MG=EORT (WA= CRC+S TN ERPANHE TR v+ v PCAIS ERPRADE T 70 1 R
WHRE D, LY =AY R D5 +LHD ‘
MR D, 1 =ROYHE2 DR
MHRC D, 20 =AY CRRE =12 v YHO
VCRCR, 2v=BrY T+ DR
WHRE D, T =ACY R PRE-MT 1 +YHN
WORY D S =ROYEMNI+VODA
WHACD, 45 =ACY S C PR -4+ VHDY
1 VERT D, 45 =B+ TR
2 LD 258 I=1. 4
3 WTE 2, Tt TOAVHRCD, TH+WnArD. T
256 CONT INUE

N

=3 T Ty Ty T T Ty T

- D

.
o v
PRIt

P A

Np /AN A AT

SR

-
PCURPS

Finally, in Step 1 the cumulative volumes are caleulated trom the variable
and tixed volumes. Bach cumulative volume 1s caleuwlated from the hot end
of the englne to a particular point in the engine. (See the nomenclature.)
Volumes recorded this way are needed later in the calculatlon,

675 CALCULATE NEW ENGINE CPACE CUMUMAT IVE WOLUMES

Y 0O S22 I=1.4
577 PUME L, TH=WHACS, T
&g EVHE D, 1= L, T4 HN

ST EVMiBJIF=EVM~2-IF+UHD
s80- TG, Tr=rmMe T THY+yEM
Gl CVN€5.TF=FVMV4~!“+VPDR?
a3 CUM S, 1 =0 WMES RRAY 3 (R
SR CUMCT, To=0YMeE DD
524 TYMER, ToswTiz 10
a2 e CONTINUE {
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Step 2 - Calculate Effect of Control

In thls version of the program the control method is by adding or removing
gas. The control subprogram computed a new pressure, PX, for a particular
worklng space, IG3, (See lines 856-879,) Step 2 calculates the effect of
this action on the engine torque and heat transfer,

The first ithing is to calculate Y, the ratio of the volume now occupied by
the gas originally in the working space for which pressure has been ad justed,
This is done assuming the total volume is adiabatic, Next X, the volume of
gas added, is calculated, If X is negative, gas has been removed.

I'STER 2--CHANGE IN GRS W0 UMES. TEMPERATURES ANG GRS NODE INVENTORIES
r fF MORKING SPACE THAT CAN HAVE ITS GAS INVENTORY ADJUSTED W=

L WOLUME OF GRS ACDEDC+) OF PEMOVED:—% AT CURFENT FRESSURE AND TEMP,

c FOP THAT WORKING SPACE

PP TR AP kiR

HEWTOL IGZ w0 L =4

If gas has been added, then the temperature of the added gas is first cal-
culated by assuming that the gas enters at cooling water temperature, TWI,

and original pressure, P1(IG3) and then is compressed adiabatically to pressure
PX., Next mass added, M2, is calculated from the perfect gas law. This pres-
sure change affects all gas node temperatures for the ad justed working space
since in this part of the calculation no heat transfer is allowed. Finally,
the temperature of the cold space 1is adjusted because of the gas added.

IL..

B O]

T OAES THYENTORY CHANGE
TR B2, 184, 191
. TEMP  OF ACLDED GAS
Llead PYETHT 4 CPEAPLC TG 0 4 +GH

¥ I

1 I OO

[ I, I B B I IS
Ju

Qg C MASS ALCEDR
QT ME =P O
an T ONEM TEMPERATURES DUE TO INYENTORY CHRNGE
ISR I € SRR TG v h
=als] LD 267 k=12
=IRDE ST TERCL K IGZ=TEROL K, TG +28
BA T ADTUSTMENT OF COLL SPACE TEMF  WITH GAS ARCOITION
AET IFC BT @0 THACL, 80 TG =CTOACL &, 1620401, B, 1529 +4YHM2 5
g 1 WL & TG M

After the old pressure 11(1G3) is utilised for everything it needs to be, it
1s updated to the new Pressure PX,

£ U ONEW FRESSURE DUE TO TMYENTERY CHAMGE
05 FLoIGT P

Next the cumwlative volumes and the gas node inventories feor the working
space which 1s having its messurc changed (IG3) nust be acjusted., The
process is diftferent depending on whether gat 1o added or removed., 1 £as
added (X is greater or equal to sero), the cumulative volune of all the gas
nodes except the last are reduced by the factor Y which in thic cage is less
thar 1. The total volume, CVG(%,1G3) does not change. The gas manses 1 to
7 do not change since all the added gas goes into node 8.
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T

DR e

a7 © NEM CUM. WOL. AND GRS NODE INVENTORIES DUE TO GRS ADDED OR REMOVED
€0a . IFCHe0a, 261, 8ol

€6%: C GAS ADDED OR NO CHRNGE

618 801 DO 282 K=1,7

f11: 8262 CYECK, IGZH=CWGCK, 1G22 +Y

612 WL, 8, IG2=WCL, 8, FE2HM2

G132 GOTO g8z

If gas must be removed, any nunver of gas nodes can be removed and the re-
maining nodes can expand to take up the space. In this case Y, the volume
ratio is greater than 1. Each cumulative volume is expanded by thls ratio.
However, when the cumulative volume oVG(K,IG3) first becomes greater than

the total volume for that working space, CWM(8,1G3) ,then the mass of gas in
this node is reduced depending upon the volume of this node still in the work-
ing space (lines 620 and 621) . The total cumulative volume for that inter-
polated node becomes the total volume (1ine 625). Flag ZZ is used to make
all subsequent gas nodes to have zero mass (1ine 624) and a cumulative gas
volume equal to the total gas volume.

£14: © GAS REMOVED
£15:  San- 22=1

E16: DO 894 K=1. 8§

£17 CVGCK, TGRI=CVETK, THRY

£18: IFCOVEOY, IG2Y-CYMIE, 1621804, B4, 888

619, S66 IF(Z2)4m2, 183, 104 L
€28 194 HEL, B G2 =k, K, TED Y4 CVMEE, TAZ=CVECK-1, TE2

1 COMGOKE. IGTY-CVGCK-1, TR
2278,

GOTO 185

1872 MO K, 1T
185 PAGOE, T =CYMOE, TETD
B CONT THUE

Finally, the new total mass for the working space must be re-added.

£OT 0 PE-ADL MASSES

£28  aaT M T el

S PO 143 k=12

£70 3LF MOTHT e TOT ek L, ¥ 1D

For the case of gas being added the new value of M(IG3) has been calculated
in 1line 597.

Step 3 - Volume Change--No Heat Transter

In this method of analysis the process which occurs in the engine simul-
taneously is broken up into equivalent sequential steps. These ares

Step 3 - Volgme Change with No leut Transfer, Find the volumes of the
fates that orlgindlly occupled euch englne space beforc the volume
change in Step 1. Find the temperature that each of the original
nodes of gas now has due to an adlabutic expansion or compresncion.
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Step 4 - Redefine the gas nodes due to gas flow.. Find the mass and the
mase average temperature of the gas now occupying each one of the gas
SP&COB )

Step 5 - Allov heat transfer to take place in each omeé of the gas
gpaces if it is eipposed to, To simplify calculation in thils program,
the hot and cold variable volume spaces are assumed to have no heat
transfer and the other spacesz are assumed to have perfeet heat
transfer. The heat transferred in each node goes to change the
temperature of the metal nodes or 1s absorbed by the cooling water.
No gas flow between nodes is allowed during this step so the heat
capacity at constant volume is the proper one to use for the gas.

Step 6 - Due to heat transfer in Step 5 each node will have a different
pressure. Step 6 calculates those pressures.

Step 7 - The ficticious barriers that have separated the nodes during
Steps 5 and 6 are now removed. All gas nodes in each working space
are allowed to come to a common pressure agaln. .Step 7 calculates
this common pressure.

Step 8 - The process of adiabatic pressure equilibration in Step 7
changes the temperature in each gas node. Step 8 calculates these
final gas temperatures and prepares the calculation to srart through
for another time step.

Now that the overall process has been explained, Step 3 will now be explained
in detail.

The temperature-volume relationship for an adiabatic process iss

Z.(2)
Tyo\Y,
In the calculation CVG(8,I) is the original total volume for the Ith work-
ing space and CVM(8,I) is the new total volume as calculated in Step 1,
line 58%. After the new temperatures are calculated (1ine 639), all the

cumulative gas volumes are adjusted proportional to the total gas volume
change (line 642),

k-1

£71 ¢ STEF T-PETEFMINE PRESSURE, TEMPERATIRE AND WOLUME CHAMGES NF 0RIGINAL |
STR T WOLLMES DUE T TOTAL WILUME CHANGE ASSUMING NO HERT TRANSFER |
o BOZAG 1=1, 4 |
£34 T TATAL VOLUME FRTIN |
e LTV ER, T ATWM S, T
STE O MFM GRS TEMPERSTHRES
e DT L T e R
e MO amy bl
gma any THRE L b To=TrRe L, b Ty 4T T
SA T CUMULATIVE WOLUMES OF GRS NODES AFTER TATAL VYNLUME CHEMGE
o B0 AmT pel, 8
can age CRGOR L TP yEch . T T
XL FANT THUF
|
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Stop 4 - Computation of Mass Avorago Tomporaturo and Mass of Gas Now In Mach
Englne Spaco Due to Gas Flow

Bacause of the volume changes and the adlabatic tomporatwre changes 1liko
those shown In Flguro 4.14 and because of gan inventory changes for control,
thore ls mass flow.

It was found by experience that because of gas Inflow for control that the
programming must be able to handle mass flow across any numbor of nodoi:,
That 1s, during one time step vo much gas can be added to the cold space to
push all the original gus into the hot uspace.

One of the important featurecs of the progrum that was used as a model for
this program was that the temperatwre was to vary linearly inside the gas
nodes that were originally in the dead volumes of the engine. Thls idea wasn
programmed .and debugged but it was found that after several time steps,
situations would develop which would result in a negative mass being assighed
to a gas node which would result in a negative absolute pressure for that
node. Since flow through several nodes during one time step will create cer-
tain inaccuracies, it was declded to simplify the programming and have all
the gas in each gas node have an average temperature instead of o linear
temperature gradient.

In order to be able to handle mass flow across any mumber of nodes, it was
necessary to have a nomenclatwre where the volumes of the gas spaces are
expressed as cumulative volume from the hot end. For instance, CVWM{2,T)

is the cumulative volume tfrom the hot end to the intertuce between the
heater manifold and the heuter for the Ith working space. (Sce Figwe 4.15.)
The metal node temperatwres M™(1,I) to M(o,I) have already been discussed,
™(6,I) is fixed at the cooling water temperature ™I. All the other metal
nodes float in temperatire due to heat transfer by conduction and convec-
tion. During Step 4 it is convonient to define an average metal temperaturce
for each part of the working ipace that transfers heat. For thls purpose
™A(2,I) to M™A(7,I) arc defined as midway between the metal node temperatures
(see Pigure 4.1%).

At the start of the time step the gas nodes shown in Figure 4,15 all have

the same volumes as the metal nodes, Up until now the mass in all these

san nodes has not changed except addition or removal of gas for control,

"(See Step 2.) Howevar, because of motlon of the pistons and gas invontory
change, flow has tuken place, During the time step up t11ll now no heat
transfer has taken place betweoen the working gas and tho metal so the tompora-
turo of the gas nodes will now bo different from the metal nodes, In

Flgure 4,15 an adiabatic compression ls asvumed so that the temperature of
Wl gas nodes 1s higher, Howover, the general shape of the temperaturo dio-
ribution i retained. For instance, in this particular program, the gas
originally at M™A(2,I) attains the temperatuwre TGA(1,2,1). (Sce Stup 3.)

Now with the cumulative volumes in arrays and the temperatures also in wrrays
one can program a general case that will determine the mass of gas in cach
emgine vpace atter mass flow and the mess average temperature of that gas.

To start out the programming one must sturt the maln do loop for the fowr
working spaces,
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Fudd L STEP A-—COMPUTATION OF TEMPEFRTURE AND MASS MO TN ERCH

(0 L EMGTHE SPACE DUE T GRS FLOW BUT NO HEAT TRPAMNSFEF

e THIS YERSTIAM ALLOMSE UML ITMITED MASS FLOM DURIHNG OME TIME STEP
AT COCELCULATE FOR THE & WORKING SPRCES

i (AR =T CH R P

Next, two flags are lnltlallzed to 1. The K flag koops track of tho oolld
nodes and the I flig, the gas nodes, This arrangoment 1o neoded so that any
number of gas nodes can be packed 1nto a golid node or a gas node can be
upread out ovor many so0lid nodes 1f required.

49 0 LET E-S0LID THOEN AWD L=GRS INDEX
Asts LSRN
el L=

Then the gas inventory array at the end of the time step W(2,X,I) and the
average gas temperature array at the end of the time step are zeroed.

sea C TERN AUT MASS ARRAY AFTER MASS FLOW
5T pO P43 11=1.8

£ TGHACR, TT. 10,

S55 744 Mes 1T Th-8

In apportioning the masses it was found that the first time through a partl-
cular part of the program was different than the next time. Therefore, a
second time flag was found necessary. This is initialized.

y Ty

j KA

se . " SET SECONG TIME FLAG
57 TI=1

23

]

For each working space we start with the first gas node and the first metal
node. We keep adding nodes to the one with the least volune until both gas
and metal have 8 nodes., When this is so, the program for that working space
is complete. The decislon point compares the cumwlative volume in the gas
for L nodes to the cumulative volume in the engine metal for K nodes, The
cumulative gas volume can be less than exactly equal to or greater than the
cumulative metal volume.

g5 © PETURN POINT OF CECISION TREE
E5H a8 TFCOVGIL, Tr=CHER, 1Y 0245, 246, 247

Now the three possible cases will be discussed in the order they appear 1n
the program. We will first discuss the case when the cunulatlive gas volume
1s less than the cumulative metal volume., For instance, take the case where

K= 1, L - 1 and II = 1, initial case with gas compression.
N CVG(L=1,1)
\ i
X\
d
N |
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In this caso Y o W(2,K,I) - 0, The now ayorago tomporaturc TGA(:,K.I) 1n
uimply‘TG%l,L,I). (éﬁm'L)or gan indox 1n 1nor§monte e IfL in éréa,el or
oqual to 9,tho nolution in completod, If not, the solution roturng to tho
top of tho doaloion treo (1inoe 659) .,

FEE Otk TUML GRS VOL, LESS THAM CLE METHAL Y01 LIME

fel T4 IFCITNT0, 254, 256

FED . ERG Iy,

FET Wo2o b Th=pM

Eind TGACE K ToaTORL, L, Ty

B GOTOZSE

EEE T85 el @ kL T

FST WO B Tomlde b Tt L, Ty

RS TGHﬁE-H-IﬁmﬁTGHf?JF~TWMV+TﬁHﬁ1,LJI%*Mfﬂ.h|IﬁWHMWE|VJT1
L R COMT THLIFE

67 DOTHNDEY GRS NODE FLAG BND FETIIEN

a7 L=L+1

BP0 0 CHERKE FOR END OF MASS FLOM CALCULATION

X IFCL GE 20 3070 246

B74 U PETLIRM

LTS GOTn e

If" the next time through the cumulative volume of the gas is o111l less than

the netal space 1t is f1lling, in this case the hot space, the calculation
5t1ll goes through the same parts of' the program.

S CVG(L=2,1)
. ]
% | 1
§ CVM(K=1,1)
§ ~

Now this time through W(2,K, I) is the mass of &us in the hot
first two mas nodes belng considerod., TGA(2,K,I) is the aver
in the hot space wo fwr.

space with the
age temperature

The other hult of the programming ailven above (lines 659-603) cannot be
enterod from the beginning of the caleulation, DMuring the culculation,
addition of a motal node mukes the metal node cumulative volume greator than
the gas node cululative volumos,

CVG(L,I)

M-——_————-

CVM(K-1,1) CVM(K,I)

— e G emwe o cmwm s o= W -
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N When this happons, the flag IT 1o vet to swore (see 1ino 723) and the caleuln-
. Llon entors thio othor pnrt of tho program, A now mang W(.‘.’.,K,]’) startn to bo
aceunudatod by the addition frot of rosldual mass or tho gan mass hanglng
over whon the gas in nodo K-1 was ecomplotoly calenlntod, Tho avorago g
tomporature enlealatlon 1o also Inltlatod with tho tomparaturo of gan nodo L,
L 1u Indexod by ono and the ealeuliatlon may como back through ngadrn,

Te Lhe noxt g node o311 makoen CWM(K, 1) GVG(L, T) an in tho sketeh holow,

v ee=dity s the second time for the now motal volume node, Thio progeamming
addis Lo the ealeulatlon of the mass and the avorage tomporaturo in o partl-
ceular engtue volume but nevor finiuvhos 1t.

CVG(L-1,1) CVG(}.I)

T ———)

CWM(K-1,1) CVM(K,I)
. |

————~———--l 1

The cumulative volumes may somotimes beo exactly cqual during the calewlation,
Quite often when both K and L are 8, the cumulative volumes will match
exactly. Generally, thls programming is ‘the same as previous programning,
The rirot time flag 1o sot Lo 1 and both K and L Tlags are Indexed, The
calewlation is onded 1 K or L are greator or equal to 9, In most cases
both would be 9,

CTE O T e I GRS WDl EDACTLY EOURL TR UM METAL Y00 UME
YTT T THECH FIRST TIME FLAN

coR T T TTvmtre S, 89N

R TOARDITYAN 0P METAL MNODE LEADT T FOUAL \WOLUMES,
Y FEPRCIN S S
o TORCTOE DT L, T
S AOTI ey
CETT HDOITION OF GRS ONODE TERMS IO ERNEL W) RES
REE T PIND M Y0 SOME ETE METR BARE SRR e

DA BT e ) T

e I S S T IR TR I
VUTT N TNE AREANE TEME OF BT i Ty METRL NADE SRAFE
T TR T AR T TR i b T b T
R LN S I N L YT
¢ RS | Y 4

S TR IRL TR RN G g e
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thon the ecaleulatlon goon back through 1inos 006-009 boeanse now IT + 1, That
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Tho final poanibility 16 that tho cumulatlve gao volume can be groator than
tha cumulativo motal voluma. Tho way the programming wan dono there in o
ppueinl ciue Whon K- 5L = i and a gonoral caso.

2.

b For the npoelinl enpo an shown bolow, tho mass w(2,K, 1) 1n a fractlon of

i W(-1yly I) bapod upon tha volumon, Tho nvernga (o tompornturo 1o trannlorrod
ovyor dirvectly., The roniduad moaon Lo that hanging ovor, Tho pocond timo
Clye IT 16 oot to oro and K 1o indoxod by ono,
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Now ror tho rext nodo K - 2 and L« 1 ond 1T - 0,

CVG(L,1)
[
'

CM(K-1,1)  CVM(K,T)
n -

Thoreiore, 1L would go through Linos P07« W s the fractlon of the
rocidnal volume thal 1o asnlgnable to WK, 1) o Thorofore, o now rostdual maoe,
KM, 1o calonlatod for that otlll hanglng over,  Gan toemperaturoe 1o trans-
forrod acrouny,

ring the comrse off the ealeulation, indexing ol L leads to Lhe cupe where
GVG(L,K) D> CW(K,1) . Thum

CVG(L-1,1) CVGI(L,I)
L

—— S SIS Gmsese wwER  EMER AR S

N

¥ 1 ve o

CVM(K,I)

ot A GEGAED L GRS CRMME  ANDEED  Cmm

N

In thils cave (lines 709-71¢6) RR is the fraction of W(1,L,I) that it takes
to finish W(2,K,1). The rest 1s made the residual mass. The final average
gas temperatire iu calceulated for that node using the mass and the average
temporature up to that polnt and the new mass and average temperaturc.

With all thiv complicated programming for transferring masses during Step 4,
there were many chances for error. Therefore, an error trapping routine is
introduced at this point which wlll stop the program and print out some
Intermediate results it mass ls changed during this step. All the masses are
summed and compared with the preovious mass cum, If the total mass in off by
more than 0.1 gram, then 1t will wrlte out the flow orror and the working
gpace 1t has ocowrred In, Other Intamedlate  values are printed out Lo show
the operator what the problem 1o, Sce the operator manual (Scetion 6) Lor
addltlionnl detalls,  Thiv crror tracklug progrm was very useiful in tho de-
buegling of this progranm,
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Note agaln the! motal nodoss 1 to 6 Pleat,  That Yy s Lhoy pecolve heal
thelsr bemperinioce rlsosy i thoy looue heat Lhote Lemperataee Falla, Ao,
nole aealn Lhab 1t Lo ansumed Lhat the pas In the henber maniiold, heator,
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. and half to metal node o The amoant oi heal teansler 1o Lased upon Lhe g
mas now boetuween the wotal node points, The heal capacity of thiv gos 1o
Liken ol conslant volume, For instance, the Lemperatwre drop tor node §7 s
rpom Lo Lemporature of the eas calowlated to be in the heater mond rold at
{he end of Step 4 and to the average temperatare of melal nodes 1oand
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Larly.  Note that thin 1o being done ter Lhe towr working spaees,
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759 HEAT RECEIVED BY METRL MODE S

TER WECVAMC 2, 8, D C TERCS, 6, 10-TMRYE, 13)/2

7EL QM6 S =ty

TEZ I HEAT RECEIVED BY METAL NODE &
5 TET WOV T, T, T TORER. 7, DI =THRC?, 12072,
&= TE4 QMY S =P

TES ¢ HEAT RECEIVED BY METAL NODE 7

TEE QM T Y=

Next, it is now assumed that the gas in each space of each compartment except
the gas in the adiabatic spaces attains the average temperature of the metal

in that space.

- TET - O CHANGE IM AVYERAGE GRS TEMPERATURES DUE TO HERT TRANSFER
TeS L0 26T E=2,7
TEY IRT TEACE K. Tr=THMR, I

Finally, the metal node temperatures are changed due to heat transfer between
the working gas and the metal,

TV ©OTHANGE M METAL. HODE TEMPERATURES DUE TO HERT TRAMSFER

T LD 722 F=1L.%
2 o THE, TOmTHOK, T RmMoE M
= T e CONT TMLIE
2 -t San CTNT TALE

Step 6 - New Pressures for Each Space Due to Heat Transfer with No Volume
Change

The gas temperature changes in Step 5 were done with each gas node isolated.
—t Theretrore, each gas node will have a different pressiwre. 1In Step 6 these
pressures are calculated using the perfect gas law.
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Step 7 - Adlabatle Pressure Bquilibration at Constant Total Volume
Now In Step 7 the barriers between the nodos arc romoved. Assuming adlabatie

processes, 1t 1s possible to solve algebriulely for a common messwre 1'or all
the nodes. Sturt with the adiabatic relationshlip

P, [V, k
=7 » k = cr/ov

Using the nomenclature of the brogram the gas origlnally in the hot space how
has a volume of

VI(I) = VHA(2,K) * (P3(1,1) /PU(I)) ** KR
The gas originally in the heater manifold now has a volume of
V(1) = VI % (P3(I,2) /PR(T)) ** xR
The heater;
V3(I) = VD % (F3(I,3)/P4(I)) ** KR
The regenerator manitold:
VR(T) - VRM * (P3(T,4)/14(1)) ** KR
The hot halt of the regencrators
V5(I) ~ VRD/2 % (P3(1,5)/14(1)) ** KR
The cold halt of the regencrators

VO(I) = ViD/2 » (P3(I,0) /P4(T)) ** Ki

The cooler:
Ve(I) - ovep x (23(T,7) /Ph(1)) ** Ki
The cold vpaces
VB(I) - VCA(2,1) % (13(1 o8)/TU(TY) ¥ Kig
Now the total volume has not changed., Theretoroes
V(1) - vI(T) 4 ve(n) + V(I) + va(1) + va(1) + ve(1)

+ VHI) + vE(T)

The unknown P4(1)

G ouolved for Iu the above equitions,  Seo
below,

‘Hu‘]TOﬁmednﬂ
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Step PA - New Temperatwes

This mressure equilibration step results in different temperatwres for each
gas node. Using the adiabatic relationship thesc temperatures are calculated.

x)
hv)
]

TOSTER TR-- GRS NODE TEMFERFATURES RFTER ARNTABATIC FRESSURE

| EOUILIEPATION
[0 17T b=1. 8

TERCE R T TRACD, B T4 CRG e TP T, Y Y aeiA -

(s ]
o
=3 T

)
B

=
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4=

Step 7R - New Volumes

With a new mressure and new temperatures, new gas node volumes and cumulative
volumes are now calculated.

LS COSTER TR-- CUMULATIVE MOLUMES OF GRS NODES DUE TN PRESSLUPE
= L R FOUILIBRATIOMN

=11 CURCL, Th=le ™ L TR+ TR 1, T e TS
RLZ LN 474 b=l &
HLT T CUGOE T k=1 TS b T s TORD, B, TP 10

Finally, since CVG(8,I) by the above series of calculations may have an
accumilated error, the correct value is substituted.

=14 COCORFECT SMALL EFFOR TN WL LUIME

a1% CAROR Tz, T

Step 8 - Initlalise Quantities for Next Increment

Because of the way the calcwlation was tformulated, the temperatwres, volumes,
Pressures and masses in the four working spaces and in the eight nodes in
cach working space could not be modified as the calculation rogressed. A
difference had to be made between the old and new values. In thig steop these
vidues are relnitialised. Note that Steps 6, 7 and 8 are in onc do loop
(ILines 790 4o 8.20), Theretore, these steps are done tor working space 1,

I ly and then tor working space 2, T = 2, and so on.
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#16:  C STEP 8-- INITIALIZE QUANTITIES FOR NEXT INCREMENT

817 1 TEMPERATURE
. 218 DD 264 K=i, &
o 219 264 TGACL, K, 13=TGRCE, K, 1)
: g2 C VOLUMES
g a2 WTCL, Th=NTR, 1D ‘
g WORCL, TH=VCRCZ, T !
/ g VHACL, Th=VYHACS, T3 |

P

FRESSLIRES
PL{IN=P4ID

C MRSSES

DD 7SR K=1.98

WoL, Ko Toa=WCR ok T

CONTINUE

R N SRR QR N PN NS
o

X
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e
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Step 9 - Determine Engine Torque at Output Shaft

This step is the culmination of a large amount of calculation. It proceeds
in three stepss 1) find the forces on the pistons, 2) find the torques and

average pressure, 3) find the shaft torque from the indicated torque hased
upon a correlation.

e T T N T Y .

e

The torce on a particular piston is the net of three forces: 1) the pressure
times the aren of the hot end of the piston (ACY), 2) the pressure. of the

) next working space times the area of the bottom of the piston (BCY) taking

out lor the drive rod, and 3) the pressure drop across lhe seal times the

seal area (C7Y)., 1n this program the crank case mressure is fixed at 0.1 MPa -
1l atm, Since the pressurcs arce in megapasculs, 100 N/mz, and the areas are

in cm~, a factor of 100 is necded to convert the wnits, Figure 4,16 shows

that the forces on the pistons ure all upward tor a positive force,

) SR 0 STER A--CETERMINE ENGTNE TORDUE AT AUTPUT SHAFT

2710 © JNCITATED ENGINE TOROIF, FORPCE MM PISTONS. HEMTONS
FROLD =100 60 —F 10 AP BT = P 04 1A 1 ey
AR U o L AL IR - S IO RN T IR L Rt o
OV AN 4P R F LT AR e B L
FRC =LA 40F 10D sB0Y P04 e B il ey

Next, these lorces are converted to o torque from cach crunk. 7The angle con-
vetition is that uved in Figuwre 4.14. Note that since the radius of the erank,
RG, Iw dn centimeters, divislon by 100 1s needed to obluin the torque in
Mowton-netors,

STE T TOROIE SR FRCH PRAMNE. N-M. T TS ROSTTIVE
Sl T R LY S T FERAL AR 1
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hext, the iudleated torgque 1l the cum of 1he fowr erank torgues,  The average
precante booenlerlated to Te usoed in the statt torgue calewdatlion,
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In order to avold caleulating Ilow lossos ull tho way along, o correlatlon wis
made for tho 4L23 ongine to determine how the power drop due to low lonsos
corrolates with onglne proscure and speod. Thls correlatlon was

based upon 16 cases run with the isothermal second-ordor analysis (o). This
analysis was found to agree with the valldated Goneral Motors caleulation Lo
within 10% over the tull range of engine operation (6). Appondix B fully
explains this correlation and show that 1t is nearly exact.

S © SHEFT TORODLE FOR EMGIMNE

245 SP=IMER ¢ 2 #PTY P
246 TREETALAME AL+ 99067~ GEHELATEOMEGEEI$0L ~AHFGY AnRga »

247 1 PRV -1 8410 I
aam . CaksadEND NF ENGINE TORNUE AND TNTERNAL H T SUBERROGERY

4.2,10 Control Program (Fart 3)

This very simply acks 1f time is up. It not, it starts over.

B4R CyeteaDONTROL PROGRAM FART 7
2SR TA0 TECTIM-TOTT 3401, 735, T35

4.2,11 Final Summary Report

The final summary report is now very simple., It simply prints the total tuel
consumed, . the total time (glven) and the ending vehicle specd. More intor-
mation can be added as the need is felt,

A91:  COsseedFINRL SUMMARY RPEFORPT

a8 TS WRITEY T, 7ARFUEL, TOTT. SPYWL

|57 var FOFMAT - FUEL, TOTT. SPYW L TR0 &
854 S[ARA =TOP

285 SHD
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5,0 LISTING OF PROGRAMS

Three separate computer codes are included in thia report, One code, , WARM,
Wag used to evaluate how best to handle the burner and alr preheater., Thig
code 1s gilven in Appendix A along with an explanation of 1t and the rosults
Tound from 1it,

Listings are given in this section for CNTLA ,FOR and CNTLB,FOR, CNTLA con-
talns the nomenclature for both programs.. CNTLA,FOR is glven on pages 73
to 86, CNTLB.FOR ig glven on pages 88 to 104, CNTLB.FOR was given
Plecemeal in Section 4 as the equations were explained,
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FROGPAM CHTLA. FOR

CMPTITTEN BY MARTINT ENGIMEERING UNDER CONTRACT HNUMBER:

CENT -2AE FOF NRSA-LEWIS UNDER THE DOE ADYANCED AUTOMOTIVE

CPROPULSION PROGRAM. THIS PROGRAM SHOWS NOMENL.CATURE FOR

CHTLA AND CHTLE.  CNTLA IS FOR CHRNGING INPUT PAFAMENTES

CFROM THE COMSOLE AND IS FOR CREATING A DRTA FILE. Y0. BE

FERM BY CNTLE
st HOMEMCLATURE st
A = TEMPORARY WARIABLE
AAFH = HEAT TRANSFER AREA 0OF FULL ATR PREHERTER, S CM
ACE = PHACIAL ENGINE RCCELERATION. RADASEC 48
ACF = ANGLE INCREMENT CRITERIA. DEGREES
ACRF = ANGLE IMUREMENT CRITERIA, FHDIANS
Ary = ACCELERATION OF VEHICLE AT STAPT OF TIME STEP, MASECHHZ
Ay = PI4DOYG+2
BF = RIR FRICTION, HEWTONS
AEFFH -~ RIR FLOW HARER FOR AIR PREHERTER. 52 CM
EFF = FRONTAL RREA OF VEHICLE TIMES SHAPE COEFFICIENT. k&
BH = HEAT TRANSFER AREA FROM FLAME. FLULL ENGIME. S0 CM
SMF - GAT HERTER MINIMUM FLOW AFEA: CH4w2
£ - TEMEURRRY YARIABLE
a0y =PI DO -0DRAwED
~ - TEMFORARY YARIABLE
rey = HOY-BOY
rEF = CURRENT FUEL FLOMW. 5.
CYFH - FUEL FLON RBOVE WHICH MEW HERT TRRAMSFER FACTORS
MUST BE CALCULATED. Go%
CEL - FLEL FLOW BELOW WHICH MEM HEAT TRAMSFER FACTORS
MIST BE CALCULATEDR. G5
PEESS = METAL NODE HERT CEPACITIES. TAK
FMH - HERT CRPRCITY OF GRS HEATERS FOR ONE CYLINDER. T
CHMEPH - HERT CRPACTTY OF AFH METAL MOCE. T4
S - HEART CREAQCITY OF FEGENERATOR MATRIM, /K
FP = HEAT CAPACITY AY COMSTANT PRESSURE. TG F
CPR - HERT CAFACTTY OF AR LGk
FEFG = HERT CAPRCITY OF FLUE GRS, 1.0 K
T os COEFFICTENT FOR SHARE OF WEHICLE
ruos= HEAT CRPACTTY AT COMSTAENT SWOLUME. TG K
VY = 4 ATTDTOTMARH
FEpds = CHANGE TH FHSTHE ANGLE . FPAD
Loy = MTAMETER OF CYLTNDER. M
neR = DIAMETER OF DRIVE PO, M
OOT - TIME STER TN ENGINE CHUTULATION T MEAKE DANG BETUEEM
A FNDe To DENRRES. SEC
CEN . EOUIVALENT CIRMETER CUSED 1N RIR FREHEATERD. i
(10 - DIAMETER THSIDE UF CONLER THERES, M
0TH CIAMETER THSIDE OF HERTER TUEBES. N
S RRIL! INSIDE DIAMETER 0OF THEES TH HERTEF MAM. O
(RRAR] INSIDBE OTAMETER OF THRES IN RENEM MAN . TH
fyeT DUSTENE TRARYELED FROM STARPT. M
DOH - AMTSI0E DTAMETER OF HERTER TURES. T
TF CTAMETER AF Fori REOENERRTOHF. M
foT . DITTANCE TRAYELED DHRTHS TIME STER. M
n TTMFE CTEF THITTRL AND TTANDART TEC
il EHRTHE ANGLE DEREEET
FREFD - PR TNE ANGLT . FRHETRNT
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H71
569
=12 1]
e@s
61
B2
63
64
65
6E
E7¢
€8s
€91
7@:
71
723
733
743
758
764
77
783
79:
803
812
B2
83:
84:
85:
(=1-3}
87:
88
891
=17 1)
913
923
93
84:
858
96
97
B
993
1003
101:
1028
103:
1041
105
1062
1071
1081
1098
1108
111
1123
113
1141

EIN = ENGINE INERTIA, KOwMeha
ERRFL = ERROR IN FLOW MASE BALANCE., OM
EX(Y) = AIR PREHEATER METAL NODE TEMPS, AT 8TART OF TIME STEPWK
EY(Y) = AIR PREHEATER METAL NODE TEMPE., AT END OF TIME 8TEPy K
FCA = FRACTION OF VCDX THAT I8 ADIABATIC
FF = FILLER FACTOR, FRACTION OF REGENERATOR VOLUME FILLED

WITH SOLID, MUST BE ZERD IF IT I8 NOT KNOWN

FFF = FULL FUEL FLOW, G/8  ———

FLAME = BURNER FLAME TEMPERATURE, K

FRP(4) = FgRggNON PISTONSCAWAY FROM CRANKSHAFT I8 POSITIVE)
NEWTONS

FUEL = TOTAL FUEL CONSUMED BY ENGINE, O

FWI = FLOW, WATER INLET FOR ENTIRE ENGINE, G/SEC

G = GAP BETWEEN HOT CAP AND CYLINDER WALL, CM

BA = (KK=1) /KK

GAPH = MASS VELOCITY (USED IN AIR PREMEATER)y G/8 CMww2

GCT = GEAR CHANGE TIME, SEC

GDF = GRAPHIC DISPLAY FLAG, SEC

GDI = GRAPHIC DISPLAY INCREMENT, SEC _

GMAX = MAXIMUM MASS VELOCITY IN HERTERs G/8 CMwa2

HAS = HEAT TRANSFER COEFFICIENT, W/K CMww2

HCL = HOT CAP LENGTH, CM

I = TEMPORARY INTERGER VARIABLE

11 = TEMPORARY INTEBER VARIABLE

161 = FLAG @=HEAT UP, 1i=IDLE, 2=IN GEAR

IG2 = FLAG @=INITIAL VALUE, 1=AFTER CALC INITIAL ORS MASSES

163 = FLAG SHOWING WORKING SPRCE IN WHICH GRS MASS WRS CHRNGED

J = PRINTOUT FLAG--5 TO SCREEN, 2 TO PRINTER, INTEGER

11,12 = GRAPHIC GUTPUT, X VALUES

IPV(2, 4) = GRAPHIC OUTPUT ARRAY FOR PV DIAGRAM

J1,J2 = BRAPHIC OUTPUT, Y VALUES

JPV(2, 4) = BRAPHIC OUTPUT ARRAY FOR PV DIAGRAM

J7 = DETERMINES INPUT NUMBER SELECTION

K = TEMPORARY INTEGER VARIABLE, SOLID INDEX COUNTER

KAPH = THERMAL COND. FRETOR IN APH, W/K

KAR = COEFFICIENT OF RIR RESISTANCE

KK = CP/CV

KM = THERMAL CONDUCTIVITY OF STRUCT. MAT.s W/CM K

KME(E) = THERMAL CONDUCTIVITY FACTOR FOR ENGINE METAL NODES W/K

KMX = THERMAL CONDUCTIVITY OF MATRIX MAT., W/EM K

KR = 1 / KK

L = GRS INDEX COUNTER

LAPH = HEAT TRANSFER LENGTH IN ARIR PREHEATER, CM

LC = LENGTH OF COOLER TUBES, CM

LCR = LENGTH OF CONNECTING ROD. CM

LH = LENGTH OF HEATER TUBES, CM

LHH = HEATED LENGTH OF WERTER TUBES, CM

LHM = LENGTH OF TUBES IN HERTER MANIFOLD, CM

LHV = LOWER HEATING VALUE OF FUEL., KJ/G

LR = LENGTH OF REGENERATOR, CM

LRM = LENGTH OF TUBES IN REGENERATOR MAN.,CM

MC4) = INVENTORY OF GAS IN ERCH ENGINE COMPARTMENT: 6

M2 = GAS MASS CHANGE, G

ME = ENGINE MECHANICAL EFFICIENCY, PERCENT :

MGI = INITIAL GAS INVENTORY, O 9

b it e Scmie

MIR = BASIC TIME CONSTANT IN ADDING OR REMOVING GRS
MIR1 = ADJUSTMENT OF MIR TO PREVENT CONTRGL OVERSHOOT |
MIV = MASS, INERTIR OF VEHICLE. KOG
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ML - MASS OF GRS MOVED ACROSS NORE 3 IN TOLD LIFECTION

MM T MMT = SAME FOR WODES 2 TO 7

MoH = MFSH SI2E, WIRES'CH

M = MOLECUE AR WETRHT OF WORETHG GRS G0 MOLE

MWED = MOLECULAR MEIGHT OF FLUE GRS GA5 MOLE

Moo NUMEER OF NODES IM /IR FREHEATER. TNTEGER

MAPH - # OF AIF PPEHEATER FLOW PRASSAGES TM EACH DIRECTION

MEF = FLAMG TO CAUNT NUMBER OF CYCLES REFORE FRASTHN PY DIAG

NGE < DERR CHANGE FLAG.  INTEGER

MO - HUMEER NF MODES TN RIP FREHEATER. PEMAL

MOE = MR

MF = NUMBEF OF PEZENERATORS.CYLIMDER

MS = MUMBER 0OF SCREENS PER REGEMERARTOR

WTC « NUMBER OF COOLER TUBES/CYL.INDEFR

HTH - MUMEBER 0OF HEATER TUBES FER CyYL IMDER

MTFM = NUMEBEF OF TUBES IN PEGENERATOR MANIFOLD

ML = DESIFED IDLE SPEED OF ENGINE. PS5

AMES = ACTUAL EMSINE SPEED. RA/S

PAY = AVEFAGE PPESSURE IN 4 CYLINDERS. MPA

PELIS -+ PROPORTIONAL BAND. I0LE SPEED. FADSED

PEVS = PROFPOFTIONAL BAND. WEHICLE SPEED. mASED

FLIF = FRPH-PRL

BT - BT o+ 7 141mR2604

BTY - PLAT = 1 GATRVSEIET

PIZS « THPTSZ

FI4 < PT 04 = PESIHRISTN

PRE . PRINT ()T FLRG, SEC

PEH - HIGH ERESSURE FESERYMOIR PRESSURE, MPH

PEL o LOW PRESSURE FESERVOTR PRESSURE, MPA

LGRS RPRESSHEE NE MORETHS SERCE HAYING 1TS PRES. ART + MFA

Elrd < ORS PRESSHFE AT BEGTHMNTNG OF TIME STEF. MPA

pocd4n - QRS PPESSURF AFTER OLIUIME CHRMIGE, MP®

Feed T . DFS PRESSURE AFTER TEMEERATURE EMUILIBRATTION AT
COMSTRNT VO UME PR

Foddds - COMHON GRS PRESSURE AT END nF TIME STER. MPA

M e NUTRLT FLAG. L M=GREPHTCS NN SCREEN. FEAL

L PRINTOLT FLAG, 5 9 T0 SEREEN. o 98 TD PRINTER

0° - AUTPUT FLAG, L 8=FERIALIC FREINTOUT. £ 0=MONE

e o HEATTMN 0OF HERTER TURES OF OME CYLINDER BY BUPHEFR

CURTHG A TIME STER. T

FEY - HEATING OF WORKING GAS TH HERTER TUBES DURING TIME STER.J

FHI4Y = CUMULATIVE HERT INPUT FOF CWOLE. J

FMYTy . HERT RECEIVED BY METAL HODES 1 TO T DURING STEP 5

Fo= & 214 176G MOL K

PED = @B 217457 FADIANS/DEGREE

PRF = PATIO OF AIR TO FUEL. GG

FAHL = FAF+L. GG

FCoe PADIVS OF CRANK. CH

PL2 = 24RO

FE = PEYNOLDS NUMBEF

FEY - NUMBER OF ENGINE REVOLUTIONS SINCE START

FE = POLLING FRICTION, NEMWTOMS

PGE = WORKING GERR PRATIO. METERS/REY.

FGEL = FIPST GEAR FATIO, WEHICLE TRAVEL/FEY, METERS

pGED = SECOND GERR PATIO. VEMICLE TRAVEL-REY, METERS

FGET THIPD GERF FRTIO. VEHMICLE TRAYEL/FEY. METERS
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174 £ RBM = RESIDUAL MASS IM STEF 4. G
" 172 € RF = RESTDUAL RATIO IN STEP 4
- 177 RT = INTERFACE TEMPERATURE IN STEF 4
. 174, € RWT = REGEMERATOR WALL THICKNESS, CM
' 175 © o= R - OV
: LPE. £ SPM = CRUISING SPEED OF YEHICLE, M5
ﬁt 177 © SPYD - YEHICLE SPEED DESIRED BY SCHEDULE, MAS
176 € GPY) = SPEED OF VEMICLE AT BEGINNING OF TIME STEF, M/SEC
; 179 € €8 = CHECK TO ALLOM USER CHANCE TO STOP
. 16a € GTH = STANTON NUMEER TIMES PRANDL NUMEER TO TWO THIRDS POMER
- Bl £ TY = AMBIENT AIR TEMPERATURE., K
’ 182, T T8 =~ AYERAGE OF HEATER METHL TEMPERATURES, K
_ 1@%. £  TAC = VEHICLE ACCELERATION TIME, SEC
! 184 C THPH = THICKNESS OF PREHERATER PRASSAGE, CM
g 185: O TC = GAS TEMPERATURE RT REGENERATOR-COOLER BOUNDARY. K
. 186: © TCE = DURATION OF STRFTING MOTOR TOROUE, SEC
‘ 187 ©  TCY = THICKNESS OF CYLINDER WALL, ©M
188, C TD = THMG=THI
196, €  TE = ERROR IN CONTROLLED TEMP. OF HOT METAL, ¥
tom: ©  TAOMY. 2y = MATRIX OF GRS TEMPERATURES AT NODE BOUNDARIES
194, C© w=1 BEFORE MASS FLOW =2 RAFTER
108 © y=1 MIKED TEMP OF ADIABATIC HOT SPACES
193 © ¥=2 AT HOT END OF HERTER MANIFOLD
194: C© y=2 AT INTERFACE BETWEEN HEATER MANIFOLD AND HERTER
185. © v=4 AT INTEPFACE EETWEEN HEATER AND REGENERATOR MANIFOLD
196: © w=5 AT INTERFRACE BETWEEN REGEN. MAN. AND REGENERATOF.
197 © y=£ AT MIDPOINT IN REGENERATOR
198 C wa7 IN COOLER
199 © =8 IN ADIABRATIC COLD SPACE
208. © =1 TO 4 FOR 4 WORKING SPRCES
sa1- € TGACK Y. 2Y = MATRIX OF AVERAGE GRS TEMPERATURES
202: © w=4 BEFORE MASS FLOW =2 AFTER
20%: © ¥=1 FOR HOT SPACES
ohd: © y=2 FOR HEATER MANIFOLDS
205 C ¥=3 FOR HERTERS
) 206, C v=4 FOR REQGENERATOR MANIFOLDS
207, © v=5 FOR HOT HALF OF REGENERATOR
208: © y=£ FOR COLD HALF OF REGENERATOR {
209: © y=7 FOR COOLER
216 C w=8 FOR COLD SPRCES
211: © 221, 4 FOR 4.WORKING SPACES
212, & TH = GRS TEMP. AT REGEN. MANIFOLD-REGENERATOR BOUNDARY. K
212, ©  THC = THICKNESS OF HOT CAP CYLINDER. ©M
Si4. R THCH = THICKNESS OF HOT CRP HERD. CM
215, ©  THH = THICKNESS OF HOT CYLINDER WALL HERD. CM
515 & THM = THICKNESS OF WIRE IN SCREENS OF REGENERATOR. CM
7. © THMG = TEMPERATURE, HOT METAL GORL. ¥
o 0 THL = ENGINE WRARM-UP TIME. SEC
51 ¢ TID = IDLE TIME AFTER CRANKING. SEC
e, C TI1 = THU+TCR
o010 TIZ = TIL4TID
seR. U T1S = TIZ+TAC
28T, TIM = CUMULATIVE TIME. SEC
204 € TIMY = SPECIFIC CUMULATIVE TIME FLAG, SEC
205 C TINCRY = INLET RIR PREHEATER AIR HODE TEMP . K
206 THMY 4, ¥4 = METAL TEMP. ARDUND HOT SPACE. ¥
76




243
288,
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THe2, = METAL TEMP. BETWEEM HERTER MAN. AMD HEATER. F
THET, vy = METAL TRMP  BETHWEEN HERTER AND REGEM  MAN. .
THEG. W = METAL TEMP  BETHEEM REGEN. MM, FINR PEGEN. « F
THeG, W9 = METAL TEMP. MIDPOIHT OF PEGENERATOR, kK
THYE s = METAL TEMP. BETMEEN FEGENM. AN COOLER, b
TMCT W 5 METAL TEMR  BETWFEN COOLER AN coLp SPRCE. F
THEEH - THICKNE=S OF METAL SEPARATTRG EACH FLOW PARSAGE. CM
THET » HEl RNULNE TORAUE, K-
TOTT = TOTAL SIMULATION TIME. SFC
TOWCERY © AIP PREMEATER FLUE GRS NODE TEMP, , ¥
TFR « TEMPERATURE, FROPORTIONAL BRAND TH HOT METAL, WK
TOCAY & TORDLE FROM EACH PISTON: CGCW 15 POSITIVE, H-H
THT = TOTAL INDICATED TORGUE, N-i
TOS © TOTAL SHAFT TOROUE, N~
oY = TORDUE VEMICLE PUTS ON ENGINE. N-M
TRAY = AVERAGE REG. METAL TEMP. K
TREP = TIME INTERYAL FOR REFORT PRINTOUT, SEC
TPH = THICKNESES OF REGENERATOR HEAD. ©HM
TST = STARTING MOTOR TORQUE, N-M
TT = CHECK TO DETERMINE WHEN POINTS SHOULD BE PLOTTED
TWI = TEMPERATURE, WATER INLET., K
THO = TEMPERRTURE OF COOLING WATER, K
TWML = TEMP-MRSS PRODUCT FOR GRS MOVING PRST NODE 1 ’
THMZ2 TD TXME = SAME FOR NODES 2 TO 6 i
URPH = HERT TRANSFER COEFF. RIR TO METAL IN AIF PREHERATER, W/CM2 K
UH = HERT TRANSFER COEFF. FLUE GAS TO GRS HEATER METAL. W/CM2 K
UXK = LAPH#WAPH#2, #NAPH/ (4. «RAF+TPRAY
UXY = LAPH*WAPH*2, «NAPH/ (4. #CZ>
Yi = VOLUME NF RRS MOVED TOGARD COLD END AT NODE 1. CMz
y2 TH V7 = SAME FOR NODES 2 T 7
WAB = YOLUME OF AIR IN BURNER, CU CM
VCACD, 43 = YOLUME., COLD. ADIABARTIC, START AND END OF TIME STEP '
VORL¢4) = VOLUMES 0OF 3RS ORIGINALLY IN ADIABATIC COLD SPRCE i
AFTER VOLUME CHANGE, CU CM 1
VEDA = YOLUME, ADIABATIC COLD GEAD. cu M
VoD = VOLUME, ISOTHERMAL COLD DERD. cu CcM
WEOCdY = YOLUMES OF GRS ORIGINALLY IN GRS COOLER RAND
ISOTHERMAL PRET OF COLD DUCT AFTER YOLUME CHRANGE
VoD = VOLUME, COLD DERD NOT IN GRS COOLER, CU CM
YHRC2, ) = VOLUME. HDT. ADIABATIC, START AND END OF TINME STEP
VHAL(4Y = VOLUMES DF GAS ORIGINALLY IN HOT ROIRBATIC SPACE
RFTER VOLUME CHRANGE, CU CM
WHD = MEATER DERD VOLUME, ¢RSSUMED ISOTHERMAL > €L} CM ;
WHDLC4Y = VOLUMES OF GRS ORIGINALLY IN HOT DERD SPRACE RFTER i
YOLUME CHANGE, CU CM
WHOW = EXTRA HOT VOLUME BESIDES THAT IN THE GRS HEATER.
e EM. INCLUDES END CLERRANCE. GARP AROUND HOT CAP
ANG MRANIFOLD ASSUMED ADIABRTIC
VHM = HEATER MANIFOLD DERD WOLUME. cuU CcH
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YIN = YEHICLE INERTIA RS SEEN AT CRANK SHAFT, KO
YRD = YOLUME, REGENERATOR DEAD, PER CYLINDER, CU CM
YROLC4 = WOLUMES OF GRS ORIGINALLY IN REGENERATOR AFTER YOLUME
CHANGE, ©CU CH

VRM » PEGENERATOR MANIFOLD DEAD WOLUME, CU CH
yepR = VEHICLE SPEED TO CHANGE TO SECOND GERR n/SEC
yepPz = YEHICLE SPEED TO CHANGE T THIRD GEAR. WM/SEC
YT¢R 4% » TOTAL GRS VOLUMES AT START AND END OF TIME STEP, CU CH
WTD = TOTAL DEAD WOLUWE, CU oM
Wk, W20 = ARRAY OF NODAL GRS MASSES

wnd PEFORE MASS FLOW =2 AFTER

yui ADIABATIC HOT SPACES

W=l HERTER MRANIFOLDS

Yu3 HEATERS ‘

wod PEGENERATOR MANIFOLDS

ve=G HOT HRLF OF REBENERATORS

v COLD HALF OF RERENERATORS

wa=7 COOLERS

w=3 ADIABATIC COLD SPACES

2:1, 4 FOR 4 WORKING SPRCES
WEPM = WIDTH OF EACH AIR PREHERTER PRESAGE. CM
WRC = MASS OF REGENERATOR GRS MOVING INTO COOLER. G
WEH = MASS OF REGENERATOR GRS MOVING INTO HERTER. 0O
WTHM = WALL THICKNESS OF TUBES IN HEATER MAN. . LN
WTRM = WALL THICKNESS OF TUBES IN FEGEN. MAN. . CM
W o= TEMPORRARY VARIABLE
Wi o= EN?INE SPHEINGS Iw ﬁ CVLENDER NHC&INE

‘:: ] " "

Wi o= "

WA = ERPCURNACYY L ~ERN FOR SLOM AIR FLOW THROLGH PREHERTER
YR = LER#ed

e = LER - RC

we o= R4 M

Wey = HORTZONTHL SCALE ERACTOR FOR PY PLOT, CM#4Z
wH = HERT TRAMSFER FACTOR FOR GAS HERTERS

WLOM = HORIZ. ZERQ SURPRESSOR FOR PY PLOT. CM42
wiicdy = OLD, MNEW WOLUME RATIO

WTegy = OLD, NEW TEMPERATURE RATIO

wy = HEAT TRANSFER ERCTOR FOR RIR SIDE OF RPH

We = MERT TRANSFER FRCTOR FOR FLUE GRS SIDE OF APH
¥ = TEMPORARY VARIRBLE

Yy = TEMPDRARY VARIABLE

2 = FLAG FOR WORKING FLUID, 1 FOR H2, 2 FOR HE. 3 FOR RIR
2 = TEMPORARY VARIRBLE
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PR v R R

121
322
224
225:

c wvprk START OF PROGRAM sokaoiok
DIMENSION THM(4);TCM<4)$TBHS<2,4),T6H<2:43,TBD(2,4)»TGCS(2;4);
P2(4};sz4;5>,P4(4);M(4);FP<4>;T&(4),VHR(2;4):VCH(2,4);
VCﬂi(4);VCDi(4);VHﬁi(4);VHDi(4):VRDlC4>;VT(2;4)a%X(4);
NHR(Q;4):NHD(2,4>:wRD(2;4);NCD(2;4);NCRf2a4>aTBR£Q,4)JP1(4);
TNRi4?,QHIﬁ4),TEH<4);CM(6):KME(6>
INTEGER 2
REAL LCR;LH»LR;MSH;MN:KK;KR,LC,N;ME,KRRaKHR,MBI
RERAL. LHH;LHV;MNFG«LHPH:MIR;MIRilLHM;MIV,LRM,KM»KMX
RERL NTRM;NTC,NS'NR,NTH,NTHM;IGi.ND;NRPHJKRPH;KME.
C BRSE CASE INPUT IN ORDER OF CHANGE TABLE
DATA THMG,TPB;TNI:FNI:OMi/SQQ.2,53;;393.;15?5.,46.K
DATA T4, DT, ME, 2, RGE1/348. .. 5,96, ,1, 0. 54/
DATA NTHM«DIHM»FFFJTHU:LHMXZG.;0.4?2»4.85;26.;?.95ﬁ
DRATR TCR,TIDaTRC:TDTT,SPMfi.6,1.9;30.;98.;22.4/
DATA RC;LCR;DC?;DDR:DIH/Q.325;13.65:1@.16,4.96,9.4?2/
DATA NTHM,NTH:VHDX;NR,DR/B.884;36.411.59a6.,3.5/
DATA LR,FF,NS;MSH,THN/Q.S,B.2,8.,8.919.9/
DATA VCDX;FCH:DIC»LD;NTC/iSG.82:8.95,6.115;12.9;312./
DRTR MI?«NTRMJDIRM:HFR;LRM/iiBB.,36.;.4?2;1.12;?.95X
CAaTA DOH;LHH;TMHPH;LRPH,uBPH/B.649;25.58;9.01;10.,5./
DATH TRPH,NHPH:PRL»PRH,NTRN/@.3;59.;.5;1@.;0.984/
DATA TST;MIR,RHF,ND:Lvaieee.,153.;16.55;8.;46.432/
DATA GCT:RGE2»RBE3;VSP2,VSP3/1.8,1.8,2.954.4?;13.42/
DATAH THH;TRH;RNT,TCQ,THCfi.5;0.5;9.41:1.2?;@.381/
DATA G,HCL,KN;KMX;THCH/B.8486,18.63,8.2;9.81?;@.3813
DATA Qi;@Q;QB;EIN:PBIS/i.,Q.,1.;5@.9;5.8/
DATA PBYS, TREP/L. 9, 5. 8/
C DATA CONSTANTS
DATA PI4,PI;P12;RHDaR/9.?854,3.14159,1.5?980,9.81?453,8.314/
DATA 1. CPR. CPFGAS.: 1. 83, 1. 20/
WRITEC¢JS, 8806
42171719 FORMAT¢” DATA REARD IND
¢  INSTALL BASE CASE DATA OR DATA FROM FORT16. DAT
WNRITECS, 8818)>
2019 FORMATC’ TYPE 1 LEAVE IN BASE CASE DATH’/
1 TYPE 2 TO BRING IN STORED DRTA FFROM LAST CRSE. 72
READLS, 591101
gv11 FORMATCIZY
1IF¢1-22950. 960, 968 "
© RERD IN DATAR FROM LAST CARSE
260 FEAD¢ 10, 8084 THMG. TPB, TWI, FWUI, OM1
READC 10, 268043 T1. DT, ME, PGEL, KAPH
REHD(l@»S@@#DNTHN,DIHN;FFF;THU,LHM
RERD¢10., 8904 ) TCR, TID. TRC, TOTT. SPM
EEHD(18,8894}RC;LCRaDC?;DDRsDIH
REALC 10, 8064 M WTHM, NTH, YHDX. MR, DR
RPERD 10, 80840L.2, FF, NS, MSH, THW
REALC 10, 8004 YYCDY, FCR, DIC, LC, NTC
PEAD ' 10, 8384 MIV, NTRM, DIRM, AFR, LRM
PEAD 10, 8804 »DOH, LHH, THAPH, LAPH, WRPH
RFERD¢10. 2084 2 TAPH. NAPH, PRL, PRH. UTRM
FERD<LM, 230043 TST, MIR, RAF, NO. LHY
FPEADC 10, 2384 »CMAFH, AFAPH, RAL. C2. DED
FEADY 10, 2004 00AY, DT2, CY, LINK, CYY
PEADC 19, 80A4 YFUEL. AMF, AH, CHMH, BEX
FEARDC 410, 8004 KRR, TIM. WHD. VYRD. CMX
FEADC 16, 8304 8C0, YCDRA, VTR, HAL KB
FEAD . 10, S04 ACY, BOY. PIZ2, RC2, CLY

/9
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TR LI

RERUR RN CURGZNIES BN Y RN AR

JAail 9

o0 D

AT D

BN EE]

Bxx]

3005
ase

Cm——

14

26

1

) g

PERADY L0, SR ERRAD, ERCEG, DIST. OMES, 50T
FEADCLAL SRR HAY L 15, WHIRC lAEﬁ-WHHﬁ1133~UHHfL.4W.VWHVL=1*
FPEAD LA, 2004 0WTHCL 20 WERY L D0 WORY L 40 WToL, 10, WTeL 2

FERLH LA, SR04 NT L S0 0T 350 CF, OYL M
FERDC LA, 26 ﬂ$ R KR GREP. HE

__0

FRERAC L. ¢
RERL (18, §
FERDY 18,
FERD 1A, !
PERC 1A, |

B TN, IGL..HM.JPH FGES

G RGET. WSR2, WIPZ, THH. TRH

104 RWT . TP? THE. Gy HCL

A4 KM KM, THCH, 04, 02

BE40Z, EIN, KMECL L FHEC2, KMEY 30

REACC 18, 2804 3KME (40, KMECS ), KMECS . CMCL Y. CMC2Y

REAC(10, 2AB43CMCZD, CHO4 0, CMOS), PEIS. PRYS

FEADC 16, 26642 TREP

ENDFILE 10

WRITES, 8005041

FORMATC Y OLD DATA PERE IN' Qi=",F2 2O

WRPITECS, S

FORMATS " CNTLR INPUT ADJUSTMENT PROGREM  TO CHANGE *.
TYPE 2 DIGIT INPUT NUMBER A SPACE. AND THE NEM INPUT YALLE

S}E}J:Diﬂyﬂ»ﬂ ﬁ‘—

o0 u) n.O LO (0 oo *_O

T MWITH A DECIMAL POINT.  TO CONTINUE HIT RETURN- >

RERDS, Pl

FORMATCIL)

HWRITE® T, 1@

FORMAT (/7@ 7 TLO 993 % OPERATING CONGITIONS BY NUMBER
16, " idn-‘ﬁ’; KIS

NPITERT, 2THMG, TPE, TWI, FUI, OM1, T4, 0T, ME, 2. RGEL

FORMATC "+ ﬁl F3 207 ¢ B27,F2 7,7 % BT FB.:.’ # 247, F3 T,

* ﬁ" SFRZ0T RS & BELFS 300 4 BTLFS 3,0 & OR°.F9 T, 0 4 @ac,

5. + 1ﬁ R 4

WRITEY 1, 143MTHHM. DTYHM. FFF. THUL LHM, TCR. TT0. TRC, TOTT. SPM

4 ESSFQ DL *”H' + ?ﬁ’~F9 4 ITOOFA ST 4 TP

L e e e T i e e S i e e T ]
FORMATY & 11°.F9 I, % & 12 F% 2. ° 4 13°,F9 I, ° + 14°,F3 =,

FLTOOFS T 4 IELFR T, T % LFCLFS T 0 6 187, Fa T, - 4 g4
F3 T % 2BCF 3,0 40N
WRTTE T, 28R, LLR. DOY, DO, BTH, WTHM, NTH. YHDM, N\ DR
FORMAT .
#ZLFD Ik Z2LF9 I % 22°,F8 T, 0 6 24°,.F8 3L 0 & 054, F9 T

CETST R PELFS TLT R BTOF9 207 % 28°,F2 T, & 29°,F9 . 0 4 TR

CJEEOTL T Ry
WRITES T, “?'LP FF MHE. MEH. THU-”IDH FOR. DIC, LS, NTE
FORMAT " + SFR 0T« TROFS3 & IT,F9 T, 6 T4OLFS T,
8T Tae
F3 7007 ¢ 48 Fa T, 4
WRITEC T, 25 M1y, HTPH DIFM AFR. LRM, DOH. LHH: THEPH, LAFH. REH
FORMET T & QL7 F3 707 4 427, F2 T, 7 + 47 F% %, ° + 44 . Fa =
e 4scFa o, o +'x' # AR T 4T FR T, 4 48RS T
T 49 Fa T, LA o R = TR S

WRITEY T, 265 THFH. NRFH. FPL FREHLITRM. TST MTR, PAF NML LMY

FHPMHT" S, PR SEFR T e STOFR T 4 Ryt FaoT,
CELES DL ey -r'JFW OO H TGV LFR T e mEFA 0 4 ma

Fa = s G0 Fa o, LN

WETTEC T Z00GET BORS FOET, WIRS WEPT, THHL TRH. FUT. TOW, THE
FOFHET " 0 CL70FS 700 0 620 FB T 0 v WTF3 T 4 gL Ea -

R S S I ot T S SECOA R < SR R B : L
FraoZo 0« TO0 Fa ot

MEITES T 290G HOL PM FM THOH, ML, 02, 07 BTN FETS

80
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FORMAT 4 717, F3

# TSOLFD. T, kS % TELFD D
v TAOLFD 3, 4 BACLF I k0D

WRITE( T, T@YPEVS. TREP

FOPMATE © 4 @17.F3. T, © 4 B2, F9 &7 * 837, F3. 3,7

G5 FR T, 40/ & 86, F9 I, 4 BFLFR3.C

Ba, FD. 3, 0 4 907, FR 3 0 47D
MRITEC . 280

FORMATC © “ PO #737 TT WMHHRRRR L2, "TYPE 99 TO CALCULATES

AND FILE INTERMEDIATE WALUES D
pEHDf=.7awr.,nn

FORMATY 12, 16, Fla &

IFeIv EU.““' RN Tﬂ 149

T IT-A045, 45, TH
IlfI?—l9F4.-4?-f9

IFY TP=-22%43,. 49, 47
TECIT-TaNaR, 53, 4L

IF7 T7—4a0 5] G142

TE T7=Sa0S2, G2 47
TFCIT-8an 20, 100 120
eIy s0, 196, 151
TESTT=23Rn 190, 10

LT
aTO ST L SN S8 0T PR A = R
TP TIT -9

GOLTM SED ST, S5 EE ST ET 8T TE T TT
Rl S Ky

SN VTE-“"-T4.?W.?E-TT-?R.?9-38-811~I?
LACRI IR
O TO CSs BT g 2 PP AP < P = S L= 1 L & R

LI SR

qTo A 9T, Aad, 9% AT, am w160, 1910 T7

T = o -39

G0 TN flﬁﬁ<1ﬁ‘-lﬁ4|193-lﬂﬁ.l@?‘lBS-iBﬁJllﬁ-ilibe?
171050

GOOTO CLE. 12T 134, 125 L2EL 12T, 128, 29 1T, 4210 37
TP TT =SS

oo flﬁ:-15?-154-133-156J15?.1583139,l€0;161?,J?
el SRR

H TO “1?23197-194'laﬁﬁ196919?.199,199-EGB-2E131J?
THMG =00

GrTna

TPE=M

GNTrA

THT 0

GOTON

FLIT =m0

AT

Opg ] =

LTS

TL -0

TR

[T

T

ME -nn

ST

81




4923
4931
4843
4953
4963
4973
4983
499:
S500:
501 @
502:
5033
5043
5085:
S06s
Sa7:
S08:
S509:
510:
Sit:
5123
513:
Si4:s
S515:
5163
S517:
518:
S519¢
S520:
521
5223
5232
S242
5253
5261
527:
5283
5293
530:
531:
5322
5333
534
5358
5368
5373
5383
539
5S40
5411

Z=0R
GOTO9
RGE1=0Q
GOTO9
NTHM=0G
BOTOS
DIHM=0Q
GOTO9
FFE=0Q
6OTOS
THU=0Q
6OTO9
LHM=0Q
60TO9
TCR=GQ
GOTOS
TID=QQ
GOTOS
TAC=QQ
GOTO9
TOTT=00
GOTOS
SPM=0Q
GOTDS
RC=0Q
GOTO9
LCR=G@
GOTOS
DCY=0Q
GOTO9
DDR=0Q
GOTO9
DIH=QQ
6OT0O9
WTHM=0Q
GOTO3
NTH=0Q
GOTOS
VHDX =00
GOTO9
NR=GQ
GOTO9
PR=00
GOTOS
LR=0Q
GoOTO9
FF=00
GOTO9
NS=Q0
BOTO9

542
5433
S44s
549
S4€:
5473
S548:
549:
5593
551
8523
553:
854
5852
S56¢
557¢
5583
559:
560:
5613
5628
563
Se4t
5653
SEEs
567:
5€E8:
5698
5703
8571
5723
873
S574:
575
5763
5773
578
579
580:
581
582
583:
5843
5853
5861
5687:
5881
5891
59@:

(=13
87
8se
89
=1"4
91
892
a3
94
a5
96
97
S8
99
100
101
102
1a3
104
105
1086
1@7
1e8
109
i10

MSH=GQ
GoTOS
THW=QQ
80TO9
VCDX=RQ
G0TO9
FCR=0a
GoTo9
DIC=QRQ
coTas
LC=QQ
GOTOS
NTC=QG0
GoTas
MIV=0Qa
GOTOS
NTRM=0(Q
GOTOS

. DIRM=0Q

GOTO9
AFR=QR
GoTos
LRM=0Q
807109
DOH=QRQ
GOTOS
LHH=0Q
GOTOS

TMRPH=0Q

GOTO3
LAPH=00
GOTO9
WAPH=QG
GOTOS
TAPH=0Q
GOTOS
NRPH=00
BOTO3
PRL=GQ
GOTUS
PRH=0G
6OTO9
WTRM=00
Gotog
TST=00
G0TO9
MIR=QQ
6OTO9
RAF=Q0
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HERT CAPACITY OF AIR PREHERTER METAL ASSUMING STEEL WITH
5. a0. 3400 CM K HEAT CAPACITY
CMAPH=LAPH#HAPH2, #NAPHETHRFHAS AR, MO

© HEAT CAPACITY OF ENGINE METAL WODES

o

-

"N

T2

o3

~

—

e

1eT

188
LN

1o

vl

=R € EU I L L #¢ THHETHCH
VﬂPI*UQV*fTCY*THCU*HCLHQ
EZmFI#ﬁIHM*NTHM*NTHN*LHNRQ
CME L E PR 22 w0, B8
Mﬁpl4*fUDH$*Q.HDIH$*2.P#HTH“LHHEQ
CHER s d 22460 45 08
VﬂPI*ﬁIPM*MTPM*NTPN*LPMHQ
(£ DR EETAL LR s 1
HNPI4$fDP+RMTﬁ**Q.*TRH*NP
Po=PT4DRERUT LR - R R R
L LS R T e Bl G
) DR PR Yot ALY

FLLOW HFER TN FREHERTER
FF APH=WAPH* THFH+NAFH

HERT TREMNSFER CONSTRNTS
RAL=FAF+1
CZ=0PF3+RAL
DEQGQ.*NHPH*THPHNfNHPH+THPHW
UM?=LRPH*NHPH$2.*NHPHECND*CE?
OT2=LHY+1RRa. T3
CY=CRRAPRF 44 S THMAFH
UHM%LHPH*NHPH*B.$NHPHH§ND*PHF*EPHﬁ
Cled=0Twd, SCMAPH
FUEL =8

MINIMUM FLOW RRER FOP FLUF QAS THROLGH GRS HEATEF
AMFE DOHELHHENTH

HEAT TRAMSFER ARER GRS HERTER FORP NNE CYLINDEF
Bde=f T 400 ELHHANTH

HERBT CAPACTTY OF GRS HEBTER FR® (NE ML THOER
M~ ?1*PI4*5hﬂHh*Q~PIH**R“#LHH#NTH

THIAL TOATIONS
f\E";.:.;I:'\
TH:ad
TIM-6

HERTER MANIFOLD CERD WILLIME. LA
WHM-F T4 4D THM4 ¢ 2 ¢ LHMENTHN

HAT TEAD YOLUME PER CYLINDER,  WHD
WGP 1D THE 2 HLHHANTH

FEGENERATOR MANTFOLD DEAD Lol UME, SERM
wPMﬁPI4*DIRN**F+LPM¥HTPM

FEQENERATOR DERD VRLUME ANE HERT CAPATTTY PER CW THDER. VR T
IFVFE Y Ins 171 1T
MRITE S, LRan
FORMATY © THPUT DATH ERFOR, FRESS FNIFR TO BETURN TOU MENL
FEAT S AT
FORMATY TN
HaTns
?FT~:NFW49144FWF+#5"-LF“u“*FW~$'H?wPYﬂl*TlNJ¥0?‘
I ?1*“?*PT4*PPA&2‘LF4MCH‘FTdcTHN
A F1 = T SR S W
o G A LA
OETELTT
T AR IR SN I UL N S
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COMT TN
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7E6Y € THERMAL CONDUCTANCE BETWEEN APH METAL NODES

767;%

KAPH=KM*» TMRAPH:WAPHHENAPH®2, #NO/LAPH

7688 C THERMAL CONDUCTANCE BETWEEN ENGINE METAL NODES.—-.. .

7693
7701
7711
772
: 773%
ad 7743
7758  C WRITE
776 9004
7773
7781
7793
780:
7811
782¢
783:
7842
789:
766:
787:
788
789:

T4l

-4t WIHE

791:
7928
793:
794
795
796:
797

799:
E00Q:
80l:
802
803
B4
80S5:
Bo6E:
807
E08: 5200
809:
£10:

-t QY o BAUIGRL LLL S AT

KME € 1) =KMeRPIDEYH CTCY+THE) 7HCL

KME ( 2) sKM#P T wDI HMWTHM®NTHM /L.HM

KME C5) sKMP T 4% CDOHM2~D L HMZ Y mNTH/LHH

KME (4) sKM#P I wDI RMHWTRMHNTRIM/LRM
KME(S)aKMMPIWDR*RNTMNRI(LR/E.)+KMXMPIAMDRmMZMNR/CLR/Q.)
KME (E) =KME ()

TRANSFER FILE TO DISK

FORMAT(S(FO, 2))
WRITEC(19, BOQ4) THMG, TPR, TWI, FWI, OM1
WRITE(10, 8204) T4, DT, ME, RGE 1, KAPH

WRITEC 1@ 8BB4 ) NTHM, DIHM, FFF, THU, LLHM
WRITE(1@, 8004) TCR, TID, TRC, TOTT, SPM

WRITE (10, 80@4)RC, LCRy DCY, DDRy DIH
WRITE(1@, 8004) WTHM, NTH, VHDX, NR» DR
WRITE(10, 8004)LR, FF, NS, MSH, THW

WRITE (1@, 8204)VCDX, FCA, DIC, LCy NTC
WRITEC10@, BRA4IMIV, NTRM, DIRM, AFR, LRM
WRITE(10, 80@4)D0OH, LHH, TMAPH, LLAPH, WAPH
WRITE(10, 8004) TAPH, NAFH, PRL, PRH, WTRM
WRITE(10, 8034) TST, MIR, RAF, NO,» LHV

WRITE (102, 8004) CMAPH, AFAPH, RAL, CZ, DEQ
WRITE( 10, 8B0B4)UXY, DT2, CY, UXX, CYY

WRITE (14, 8804) FUEL » AMF, 3H, CMH, REX

WRITE (10, 8004)KAR, TIM, VHD, VRD, CMX

WRITE( 1@y 8004)VCD, VCDA, VTD, XA, XE
WRITE(10, 88@4)KCY, BLCY, PI32, RC2, CCY
WRITE(10, E004)EARAD, EADEG, DIST, OMEG, GCT
WRITE(1@, 8OR4IYVHACL, 1), VHALL, 2), VHAC L, 2) 2y VHARCL, 4), VCAC T, 1)
WRITEC1@, 8AB4IVCACL, )y VCACL, 3),VCACL, 4) v UT (1, 1), VT, 2)
WRITEC(1@, 8004 VT(1, 3),VTCL, 4, CP) OV, MW
WRITE( 1@, 8804) RX, KK, GA, KR, XC
WRITE(1@, 8034) TOV, 161, VHM, VRM, RGEZ

WRITE( 10, 8804) RGET, VSP2, VSP3, THH, TRH
WRITE(10, 8004) RWT, TCY, THC, Gs HCL

WRITE 10, 8004 ) KM, KMX, THCH, 21, 12

WRITEC1@, E204)03, EINy KME (1), KMEC2) y KME(3)
WRITE(10@, BOB4IKMEC4) , KMECS), KMECE)Y, CMC 1), CM2)
WRITE (1@, 8@04)CM(T), CM(4), CM(S), PRIS, PRVS
WRITE(10, EQ84) TREP

8TOP

END

Bt
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i 1 U ettt e abd A PROGRAM CHTLE FUOF 4 44 2 b d bbbt ot 444+ ¢ b bbb ¢

f N COMEPTTTEH BY MRFTTHT ENSINEERTHL (IMDER COMNTRACT NUMBER

ﬁ - O OENT =226 FOF NASA-LEWTS HNDER THE OOF ADYANCED AUTARNT TWFE

ﬁ COFPFOPLILSTAM FRIORAM CHNTILE READS TH THF THRFUT ATA FILE

', & ©OOFEHERATED TH CHNTLA AND CALCHLATE S AMD DYSPLEYS FESUL TS

; *i COrNTER FRECULATES THE TRANSTFHT PERFORMAMNCE OF & 4 Y1 INDER
v TOPOUBLE ACTTNG STIPLTHG FHNOINE WTTH TURLLAR HERT EWCHANGERS

i TOAND RPORNLS REGENERFATOR FONNECTED TO A YFUTCLE THROLUGH A GERF B0
THF FESTIOEMT DRTWIMG CHYOLE CONSTSTS NF HEATHE. CRENE THG, THLE.
COACTELERRTION FROM TFRD TN CRUSE SPEED ARD HOLD THAT SPFED
SECOMD ARG THIRD GEARP CHANGES ARE SPET IFICH DASED LIPPON WEHIMLE
C GEFED NEAR CHAMGE T L THEAR WTTH £t SPECTFIFD TINMF
CHTLA OES A% A BRSE CHTSF THE NMTMEHSTONS 0OF THE 41 &7 CNGSTNE
CHTLE ROTHIETS THE TIMF STER S0 THAT THE ANGLE THNCREMENT 1%
TOBETHFEM T AMOD T8 DEOFEES  THE PROGEAM HES MO L IMIT TO FLH
T OACRONE GRS NODET DF CHARNGE TH GRS INWVENTORY  CONTROL 15 BY
TOCHAMGE TN GRS THYENTORY
- 4 bk STARPT OF FPROGFAM #2444 -
1= DOIMENSTON Todn TRV 0 TRV 4,
PRt RPEOG E PG MO PR TR MRS 0 WTEC 2
" "."‘r ':‘:’.l ‘"1 ‘4' L] :"" " “' 1 1
2z T PO CWMOS 40 TRREZ, &0 d
T PHI 4 TR G TINGLA  EWCE TOU 18 THEE d ', BYY RS, KMEC RS,
PRS0 THROS, 4,
29 I e & TR
' T DIMENSTON THLIGA G0 MOS0 @0 DWGY S, 4

o FEAL LORCLH LF MSH MW FEERC L M ME BRR MGT i
S FEAL LHH LHY MWFG LAPH MTE . MR LHM MTV D R s, M
el FEEL MTEMONTO MS, NEL NTH MTHM. T51 MO NAPH FREH. R E M PME

o
]

T O REPETESS 4L
—_— ik . e . -
47—~ T
e e e

-1

v
- =
I,

KX |

—
)
]

b L
-t
-z

P 0D

3
.
-

-
A

O T DETR CINETANTS
" CATA PTY PP RAD R T TR0 T 14153, 1 STOS6 @ 017453, 8 714
T DATA T PPE. CEEG'S, L AT, L 20,
TT Tebess PEAD TRRNSFER FTLE FROM [IS)
SEoeand FORMATOSORS T
y - FEAN 100 SO0 THHG TREL THT. FUT. (M)
T FEAr ©100 S0R1 T DT, ME. PRE L. PRRH

0 FERC LA, 360 S HTHM, BTHM, FEF. THUL LHM
, 5 FREAC 10, SOG4YTER, TI0. TR, TOTT. SFH
4f “a PEAD 118, BARG 1R, LOR. DOY. DR, DTH
9 PERAD L1, 2604 HTHM. NTH. VHESL NR.L DR
41 FEAD 10, 2804 3LF, FF. NS MSH, THU
4 FEAD 10 2004 1WEDK, FCAL DTS, L, NTC
47 READ 18, 3004 MIY. NTPM. DIRM, AFF. LPN
44 PEAN © 18, 884300, LHK. TMAFH. LAPH, HAPH
45 PEAC 10, 2984’ TAPH, NAFH. PRL, PRH, HTRM
4 FEAD 710, 20043TST, MIR. PAF, NO, LHY
v FEAD 10, 004 CHAPH, REAPH, PAL, CF, DEN
an PEA /18, 8004 L1y, D2, CY. Uk, LYY
49 RERD 46, 3084 5FLUEL, RIMF, AH. CHH. OEX
i PERD 10, B6043FAR, TIM. WHD, YRD, CMX
51 PEAD 18, 2004 19D, YEDR, YT0. MR, #
52 PEAD 10, 2084 ACY. BCY. P132, RO2, COY
3 PERD <18, S804 EAFAD. EHDEG‘DIHY.DNEP,GCT
54 PEAD ¢ 12, 2804 VHACL 17, VHACL, 23, YHACL 23, VHAC L, 43, YCRCL, 1

$i

‘-

a8




=l ] READ (10, BBA4IVCACLy 2) s VCACS 3)y VEACL 14 VT (14 1),VT(1,2)

=Y | READ C1@,8@D4IVT(L,y By VT, 4) 4 CPy OV MW

< YA READ (10, BAA4) RX+ KKy OAy KRy XC

56 READ (1@, 2004)TOV, 101, VHM) VRM, RGE2

591 READ (1@, B0R4) RBEY, YSP2: VEPE, THH, TRH

G READ (10, B0A4)RWT, TCYy THCy Oy HEL,

G119 READ «1@, BAA4) KMy KMXy THCH, (11, 612

6t READ ¢10,E0A4YATIEIN/KMECL) s KMEC2) 4 KMECT)
BYs READ (10,B004)KME (L) yKME(S)  KMECB) »CM(1) CM(2)
641 READ (16,8004 CMCT),CH(4),CM(S), PPIS, PBVS
eS1 READ (10, 8004)TREP

66 WRITE (S, BQQE)

671 60 FORMAT (' FILE READ')
608 CowmmINITIALIZE VALUES
691 C ORGANIZE TIMES FOR OPERATING CYCLE

. 708 TT=0.
! 718 TI1=THU+TCR
724 TI2aTI{+TID
. 733 TIZaTI2+TAC
,. 74y € BURNER INITIALIZATION
| 751 N=NO
L 763 NOZ2=N/2
778 DO 200 I=i,N
791 TOUCI)=T1
7918 TINCI) =T
x a0 EY(I)=T1
| 81t 200 EX(I)=aTi
g gz TIN(N+1)=T1
| 832 TA=T1
| B4t TD=THMG-TWI
| 851 FLAME=T1
! 861 TOUCN+2)=T1
| 87 CFi=1000.
88 CFH=@,
> 89 CFF=0
9@t €  INITIALIZE CUMULATIVE HERT INPUT AND METAL TEMPS
91t DO 198 I=1,4
921 TMCL, 1) =T1
931 TM(Z 1) =T1
941 TMCS) 1) =Tl
951 TMC4, 1)=TY
961 TMCS, 1)=(TWI+TL) /2,
97t TMCE, 1) =TWI
981 M(I)=0.@
g9g: 198 QHICI) =@,
1@@: C SET PRINTOUT OPTION
101 J=Q2
192t C INITIALIZE VEHICLE INERTIA
10314 VIN=D. @
104t € INITIALIZE ENGINE AND VEHICLE SPEED
1051 OMEG=0. @
1068 8PV1=0.0

107 SPVD=0.0

89




1088 € INITIALIZE WORKING TIME BTEP

3 109 NDT=PT

. 110y C  INITIALIZE TORQUES

g 111 TAE=A, A.

, 1§ 874 TOV=0, @

. 1138 TNET~@, @

; {14 C INIYIALIZE ENGINE ANGLES

¢ 1151 EARAD=Q, @

2 116 REV=Q. @

k 1171 NER=@

_ 116 NGC=-1

k- 1194 MIR1i=@,

[ 1201 RGE=Q.

a- 1211 C INITIALIZE ENGINE PRESSURE
122 DO 9S@ I=i,4
123:  95@ P1¢1)=PRL
1241 C XNITxAszg FLAG TO CRLCULATE CONDITIONS AT CRANKING
1258 102=
1265 C INITIALIZE QUTPUT FLRAS
1273 POF=Q,. O
1261 GDF =@, @
1291 GDI=TOTT/ 1024,
1308 Coomiobkr DRAW GRAPHIC FRAME IF OPTION IS ON
131t C GRAPHIC FRAME
1323 IF(QL-1,00)158, 157,158
13%1 € DRAW OUTLINE
1347 157 CALL CLERR
1358 11=0
1361 Ji=Q ]
1378 12=1023
1388 J2=@
1391 CALL VECTORCI1,J1,12,J2)
1401 11=1023
1411 Ji=m779
1428 CALL VECTORCIZyJZ2,I1,J1)
1438 12=0
1448 J2=?79
1458 CALL VECTORCI1,J1,12,J2)
1468 I1=0
1478 Ji=0
1461 CALL VECTERCIZ,J2, 11, J1)
1493 11=700
1501 J1=0
151 12=700
1528 Jom779 =
1573 CALL VERTORCIL,J1,12,J2)
1543 € DIVIDE INTO « LAYERS LEFT SIDE
1551 11=0
1561 J1=629
1573 12=70@
1581 J2=E29
159 CALL VECTOR(IL1,J1,12,J32)
1601 J1=479
1611 J2u479
1621 CALL VECTORCI1, J1,12,J2)




16T
1648
165
1661
1671
16en
1EN
1729
1711
1721
1731
1741
1751
1761
1770
1761
179
180
1811
1821
163
1841
1881
168
1872
1883
189
1982
191¢
192
1931
1941
1958
1963
187t
198
1991
200
201:
202
203:
2041
2051
206:
207
2080
2089
211
2111
2128

C DIVIDE INTO FOUR LAYERS, RIGHT SIDE

I11=700

J1i=199

12=1023

Jemi90

CALL. VECTORCIL, Jty12yJ2)

J1i=300

Jem300

CALL VECTOR(I1)Jiy12:.J2)

Ji=570

J2uS70

CALL VECTORC(I1,J1,12,J2)
C.-DRAW QgﬁﬁgULED VEMICLE SPEED

-

J1i=g3I2

I12mTI2/7T0TTH700

J2mgIZ .

CALL VECTORCIL,J1,12,J2)

I1aTIZ/TOTTH700

Jim77€

CALL VECTORC(IZ2yJZ,11,J1)

122700

J2=7 76

CALL VECTORCIL1,J1y12,J2)
€ DRAW SCHEDULED ENGINE SPEED

11=0

Jim482

I2=THU/TOTTH700

J2=482

CALL VECTOR(I1,J1,12,J2)

I1=THU/TOTT*700

J1=554

12aT12/TOTTH700

J2=5S84

CALL VECTORCIL,J1,12,32)
C DRAW HOI gETAL GOAL TICK (THMG)

I{im

J1i=200

12=1@

J2n200

CALL VECTORCXL, J1,12,02)
E DRAW COOLING WATER TEMP TICK C(TWD)

Jimi@

Jemi1@)

CALL VECTORCIL,J1,12,.02)
C CALCULATE DISPLAY PARAMETERS

PDIF=PRM

XLOWSVTD+VHDX+VCDA

XDVm (ACY+BCY) wRC2
158 CONTINUE

91

-
F..
i




2158
o140
2151
2168
217
216N
219
220
YRR
2221
2230
22410
2251
2261
2271
2280
2291
2303
2311
232
2334
2348
2351
23618
2371
2381
2398
260
241
2421
2438
2441
20451
2461
247
248
249
2503
251
2521
2533
2541
2551
256
2978
2961
2593
2601
2618
2621
2631
2641
2651
2661
2671
2681
2691

ChmtWRITE UNIFIED PRINTOUT-~RETURN POINT FOR MAIN LOOP
403 IFCRAT-1, @) 390, 402, 390
402 IF (TIM-POF) 390, 391, 394
91 POF=POF+TREP
WRITECT, B@825) TIM CFF, REVy QMEG, BPV1, 8PVD, DDT
[025 FORMAT (EF B, @4 FQ. By 2FB, 2)

NRLTE(J.QQZQ)f&N(t):T!N(E).TINﬂZ)vTIN(&)vTIN(S)vTIN(E>'TlNC7)v
o TINCE)y TINCD)
WRITECTy BO22YEX (1) EXC2)y EXCEYEXC(4) EX(H) ¢ EXCE) | EXCT)
1 EX(8Y, FLAME
WRITE (T, BB22) TOUE 1) 2 TUUCZ)  TOUCTY» TOUCA) » TOU(S) » TOUCED » TOULT DS
1 TOUCE), TOUCS)
DO 1@ Isl,4
10 WRITECT, BOZ2)TMCL, 1)y TMCZ0 1) TM(T) 10 TMCA) 1) TMCS) D)W PLCTD
L ML, VTCL DD
8022  FORMAT(S(FB.2))
WRITE(J,8022) TNET, TGS, TGV, VIN, MIR1+ RGE
CermtbDI SPLAY GRAPHIC DATA, PART 1

390 IF(Q1-1,)20, 28,20
C CHECK TO SEE IF PLOTTING SHOULD BE DONE
21 IF(TIM-QDF) 2@, 383, 393
393 GOF=GDF+GDI
€ SHOW FUEL FLOW RATE
I1=TIM/TOTTH700
J1=CFF/FFFw777

CALL POINT(11,J1)
C BHOW AVERAGE HEATER TEMP.
Jis(TA-TWI) /TD*190+10
CALL POINTC(IL.J1)
C SHOW FLUE GAS TEMP. ENTERING PREHEATER
J1=(TOL (N+1)=TWI) /TDw190+10
CALL POINTC(I1,J1)
C SHOW FLUE GAS TEMP. LEAVING PREHERTER
Jim(TOUCL)-TWI)/TDO»190+1@
CALL. POINTCIL, J1)
© SHOW Q:E. HOT METAL SPACE TEMP (NODE #1)
=@
DO 145 I=1,4
145 X=TM(1, 1) +X
X=X/4.
Jim(X~TWIY/TD®130+10
CALL POINTCI1,J1)
C SHOW AVE METAL TEMP HOT END REGEN. (NODE #4)
X=0
DD 146 I=1.,4
146 X=TM(4,y 1) +X
X=X/4,
Jim(X=TW1) /TD*190+10
CALL POINT(I1,J1)
C SHOW QVEb METAL TEMP. MIDDLE REGEN. (NODE &%)
X=
DO 147 I=1,4
147 XaTM(S, 1) +X
X=X/4.
Jim(X=TWI)/TD*190+10@
CALL POINTCIt,J1)
1P ¢ TIM=THU) 2@, 2@, 954

i I ' i ittt it ..




i
QT
raad
L7
2740
bt -1
e

70
Por a1
280t
2811
28218
2871
2848
2851
2861
2878
2881
2898
281
29118
/2
2938
o TXR |
g5 o]
22368
297:
29812
2993
001
01
302
R {" N3
04
205

JNEs
3a7¢
08

I

Tl

313
Ji4n
IS5
J16s
I178
3181
I19:
I201
JI211
J228
323
*24%
3251
3261
327
328
329

C BHOW ENGINE SPEED
954 J1=OMED/OM1#72+482
CRLL. POINT(X1,J1)
IF (TIM-T12) 20, 20, 953
C GMOW VEMICLE BPEED
953 J1=BPVL/SPMNL44+ET2
CALL. POINTCIL, 1)
20 CONT INUE
CamtrDI SPLAY GRAPMIC DRTR, PART 2
¢ PLOTTING FOR EVERY TIME STEP OF 4 P-v DIRGRAMS
C CHECK TO SEE IF OPTION—IS ON
IF (@11, )©52, 893, ©52
853 IF (TIM-THU) 852, 852, 854
@54 DO 985 I=1,4 |
IPV(2, 1) =(CVM(E) 1) =XLOWI#I23/XDV+700
IPVC2, 15 aPt (1) w19@/PDIF+1530% (4=1)
CALL VECTORCIPYCL, 132 JPVC ;103 IPVC2y 1) IPV(2, 1))
IPVCL, 1) =IPV(2y 1)
JPVCL, D =JPV(2, I
98s CONTINUE
852 CONTINUE
CoorrawENGINE AND VEMICLE CONTROL SUBPROGRAM PART 1
C CHECK TO SEE IF WEAT UP TIME IS EXCEEDED
IF (TIM-THU) 503, 502, 502
503 161=0
6OTO 501
C FIRST TIME CALCULATION OF GRS MASSES AND INITIALIZE PRESSURES
C  AND SET GRS TEMPS. TO CURRENT METAL NODE TEMPS.

Saz2 1F (162-1) 504, 506, 506

S04 102=1

C REDUCE TIME STEP AT S8TART OF CRANKING
DDT=DDT/1@.
X=PRL*MW/R

DO S@7 I=i.4
C NODAL GRS MASSES

WLy 1y 1) =XHUMHACL, 1) /TMCL, 1)
WLy 2y 1) mXUHMR2, / (TM (L, 1) +TMC(2, 1))
WCLs 3y 1) =XRVHDR2Z, /7 (TM(T, 1)4+TM(2, 1))
Wiy 4, I)‘x*‘VR"*Z’. /7CTMCG, 1)+TM(I 1))
i,5, 1)=XkVRD/ (TM(S, I)+TM(4, 1))

v 6y 1) =XVRD/ CTM(E, 1)+TH(S, 1))

ir Ty 1Y=XRVCD/ TWL

&, I)=X*VCA(L, 1) /TWI

" MRSSES

Sad) =@,

DO 980 K=1.,8
980 MCI)aM{II+W(L, Ky 1)
C PRESSURES

P1CI)=PRL

C INITIAL PRESSURE PLOT PARAMETERS
JPV(1, 1)=({P1(1)=-PRLY*198/PDIF+195%(4-1)
C AVERAGE GRS AND METAL TEMPERATURES
TGACL, 1, DI =TMCL, D)
DD 981 K=2,&
TMARK, 1) =¢TM(K-1: D +TMU(K, 1)) /2.
9e1 TOR(1, Ky I)=TMAR(K, 1)
TMAC(7, 1) =TWI
TMA(B, 1) =TWI
TBR¢1+ 7, 1)=TWI
TOA(1, 8y 1) =TWI 93




g w3@r  C CUMULATIVE GAS VOLUMES

I3 CVGCLy 1) wVHR(L 1)

. 32 CVB(2-I)-CUO(1.!)*VHM

. AR .CVB(S-I)-CVOCZ.I)¢VHD

: IJ4n CV ¢4y 1) mCVE (s 1) #VRM

. 3358 CVO (S 1Y=CVOC4s 1) +VRD/2,

o 3368 cva<6.1>ucv0¢5.1;¢vno/2.

! 33714 cvec7.1>-cvacs.;)+vco

. IO - cvB(8, 1I=VT(1 )

)’ 3398  C. VOLUME PLOT PRRAMETERS

v, T4 lPV(i'I)-(CVB(E.I)-XLO“)*SZS/XDV#?OO

. xais S5@7 CONT INUE
T42 506 CONTINUE
7% C TEST TO SEE IF ENGINE SHOULD BE CRANKED .
T4 1F ¢ TIM- ( THU+TCR) ) 508, 589, 509
S  S09 X=@.0
3461 GoTo 511t
37y 508 A=THT
zag:  Si1 INETTAS-TAV+Y
149t C CALCULATE ANGLE INCREMENT
359t 512 DRNG-DDT*mZmTNET/(EIN+V!N)+DDT*OHEB
X518 ADJUST TIME STEP SO THAT ANGLE INCR. IS >7 AND <38 DEG
3528 IF ¢ DANG-6, S2286051% 915, 512
38T 51T DOT=NDTA2,
35418 HOTO S48
3551 S1S TE CDRNG-@. 12247 F17, 517, 516
386 517 DDOT=NDTHZ,
387 GoTO 512
3581 C INDEX ENGINE ANGLE MEASURES ;
I59: Si& EARAD=DANG+EF RAD . F
I8 EADEG=EARRD/RAD i
R{-3 R REVaREV+DANG/ (2. #P1)
g2 IF(ERDEB-SB@.)ZSS.ZQB.ZAO
B3I 240 EADEG=EADEG-IE0.

» B4 EARAD=EARAD-2. +P1

1651 € ERRASE PV PLOT FIELD AFTER EVERY S REVOLUTIONS
366 IFiQi-1, Y239, 151,239 ;
B71 181 IF(NER-5)182-150.150 k
;e 150 NER=Q j
3698 CALL ERASE i
I7ds GoTo 239 '
371 152 NER=NER+1
T2y 239 CONTINUE |
373 C CHMECK TO SEE IF ENGINE SHOULD BE IDLEING OR IN GERAR :
37414 IF (TIM-T12)519, 519, 520 | A |
<751 C ADJUST ENGINE PRESSURES TO CONTROL SPEED WHILE ENGINE IS IDLEING
3761 519 161 =1
377 1F (OMEG-OM1 ) 830, 840, 849 !
376 B840 rF(DMEB-(0M1+PBIS))961,961.6a2
179t 842 MIRi{=MIR
36808 GoTO 843 |
391 B4l MIR1=MIR*» (OMEG-OM1) /PBIS
IPer  B4Y X#PRL
3838 GoTO 855
3848 630 1F (OMEG- (OM1-PB18) 831, 831, 832 1
385 631 MIR1=MIR
386! GoTO 833 k
197t B8I2 MIR1=MIR%COM1-OMER) /PB1S
I8 833 X=PHH

189: 859 CALL NQSS(IB3'PX.Miﬂi'qu'XoPloERDEB)
0
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447,
414
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L
S5
18
419
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A0
425
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b el
428
409,
A
471
RORE
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438,
479
346
444
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Add
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D CORPUTE NEW AMGLILAR VELAC TTY
OG- CAMNG AT T
T Oy
COENGTHE AND WEHTCLE COMTROL MHTLE ENBTMFE 15 TH GPop
FPUE pAEH Rhd
"OGEAR CHAMGE TIME &PELIED T HE L GFEORT
TEAMGE 2, 17, 170
17A TECTIMCTI2400T VoRiey @i, Qg
A FOESCTTM-T R v PE 4 50T
GATO 99%
=Teh TRVEPALWSES  afe, o0, a@s
R Io T R =RE S,
AT Q4 [
G MG R
TIMW=TIM
FOTN 910
171 TFRCTIM=CTIMSSROTY Y160, 157, 187
162 PGE%R651+ﬁTIM~TIMH**fRGEE~P051WHGCT
GOTO 249
157 COMNT TMUE
[F VSR TRy Qi ame o
ROk RRE=FGE2
GOTE 9@
bl gt MG =
TTME=TIH
GOTO S1Lm
178 TECTIM=C TIMMGOT Y Y1568, 187, 157
1684 ﬁGFvDGF?+fRGE?WQGFﬁ%%fTIMWTIMWWJBCT
GOTO =16
167 PGE=RNET
GOTOSLG
CADDITIONAL EFFECTIVE ENGINE INERTIR DUE TN YEHICLE STTRCHMENT
F1H MIN=MINCRGE A2, #F T ewd
COFTNG SCHEDULED VEHINLE SPEED
TFCTIM-TIZNG12, G114, 919,
a1 SPVD=SPMs C T IM-T T2 THE
GOTN a1
a1t SPYD=SPM
T OADJUIST FHNGTNE BRESSURE TN CONTROL, WFHIMLE SPEED
b At IFCSPYL-SPYD Y QTEH, 34/, 940
R IFCEPY ¢ SPVRHPRVS Y Y849, 941, 940
Qg2 MIFL=MIF
GOTH 947
adq MIRL=MTR O SPOV SRy, DENG,
D 3 M=PRL
GOTO ase
ana TEOSPYAL -  SPYD-PRYS Y 407, a0, amn
a1 MIRL=MIF
GOTO @t
ama MIRL=MIR & SPUYD-SEVYL Y PEVS
AT PR
anns CHLL MASSCTEZ, P MIRL DOT, 4 PL EARES
T TOROUE DUE TO WEMICLE FOLLING FRICTION. RIP FRICTIAN
FE=MTV+/R 1S1+0 O0BSATHSPAY +0 GERHELATECEN L sy
RF < AR #SPYL 63
TOV=(RF+AF Y+RGEA ' 2 #PT Y
CUOMELITE MEW RANGLILAR YELOCTTY
OMEG=0RNGA0ODT
C COMPUTE NEM VEHICLE SFPEED
SRV =OMEGRRGE S0 T
95
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: Jen COBTHOC RS RIGE MEOTED TEMPTRATHRC SOR S ON e P e
0 i RN T TS TR T R T T T T T T RTHE
A, PaThEe ™
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ST TEVTE 0T AN, a0
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DETEFMINE OUTLET FLUE GAS TEMP. FROM HEATERS
B ATT Imt, 4
e CTHR, TH4TMEE, D302,
ATT TR T bl ¢ FLAME =4,/
£ RYERAGE FLUE GRS TEMPERATURES
TONNAL D=0 TZRY LR TTACE S TIRC T TR Y,
fEYIT FLUE GAS TEMPEPATURES THROLGH ATF FREHFATER
DO4dE Ted. N
K141,
444, TALICK VSER R 4 TRALICH+L 3= ER K 0 A7
C CHANGE APH METAL NODE TEMP  DUE TO CONVECTION ANG CONMLICT TON
Doo4TR Il N
Ve FEARAF SRR CTING T+40=TINC DY 34DDT
WenFF*PALHOPFGEACTONE T4 =T TV 00T -
TE ¢ T=10448, 448, 450
450 TF ¢ 23449, 451, 451
443 TR=HAPH CEXC TL Y =ENE T 00T
30TO 452
443 TTERAPHE CEHY 144 =2, $EMC 1B T4 VDT
GOTN 452
a5y SR b AR CEE T -F T 4D0T
452 FANT THUE
426 EW e TVERC T4 BR 4N THAFH
o OPHANMGE ENGTME METAL NODE TEMPS  DUE TO COND AND DUTSIDE CORY
DO 43R T d #

Bl MECL YR T TY=TUT DT
BreakME 2 vk THOD Th=THMEL T 00T
THL L Tos=THMEL T4 CR-RY 7ML ‘
Fe=fME ¢ Tk THE S, To=THC T, TV DRT }
Pt CEEASY &R CRPEGHOFLAME =TT T DTy 0 ’
THL o, ToaTHO S, Thd DR SO
B b ME ¢ v d TME T, The-THO T oD T
THMLET, ToaTHOT. Tordd A4 =-B0 005
B ME VS TR TMO G, T =TS TP T
THL G, =T Tt R=F T '
1=b ME S 2k THOS, T0=THOE, TV nDT |

499 THMA S, TraTeR, T+ CF-RY ATMr s

rOTHNDES O THACK, T T TMOE, T
L 423 Fal, 5
CUNIEE SECSR Sl IR
THeE, DT T

408 FONT THYE

S Jee FONT INVE

P OAVERAGE METAL TEMPEPATURES FNRTSNTHERMAL NOGES
fan T Tt o
e TeEn pem
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THEE T TMOE, T
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Ceaes+ENGINE TORGIE AND INTERNFAL HEAT TRANSFER SUBPROGRAM
" STEP 1--CALCULATE HEW EMNGINE YOLLUMES
4= e =SERT ¢ - ROHS TNCERRAD ) Y2 ) ~RC#COS CEARAD » ~HB
UOGEORT ¢ MR~ RS INCEARADHP 120 42 ) ~RE#COSCERRADHP 120~ KB
M2 ASRRT CMA- CROES TMCEARADEP T ) w2 ) ~FOwC0S CERRRRHP T b ~wB
WA RGORT A CROES INCERARADEF I D20 b w2 ) =RCHCOSCEARADSP I 220 ~HB
YHACR, 4 93R0Y S CRO2=MADEYHEY . ... . .
YEAC D, 1 0BIY EH2+YI DA
WVHEC 2, 20emFCY s CRC2-MWa b+ HDK
WERE D @B TSV T DA
WHEC R, T =R CRERHE R YHDH
VERE S, T eBR e WD
VHEC 2, 4Ry CRE2=0d v+ WHD
VEARY D 4RO +WEDA
o250 I=1.4
WTOR, The TORYHRC 2, TH94+YCHCR, I
255 COMT INUE
" CRLCULATE MEM ENGINE SPACE CUMUMATIVE YOLUMES
[0 |82 I-1,4
WML, ThaVHRC D, T
CAMEDRL TR0 L T Y HM
CAME T, TrsOWMOE, T EVHD
UM, T 0T T RN
CVMES, Th=0WMOd, T +VRDA2,
UM, T anYME S, T HURDA2.
UM T T MO S, T
DVMEE, Tos=TeR, T
Elate CONT ITNUE
STFP 2==CHAMGE IN GRS YOLUMES, TEMPERATURES AND GRS NODE INVENTORIES
OF MORF ING SPACE THAT CAN HAYE ITS GRS INVENTORY ADJUSTED. M=
WOLLIME OF GRS AOPEQRc+y OF PEMOVEDC-Y AT CURRENT FRESSURE AND TEMP.
FORF THAT LORKING SPACE
e CFLCTAT PR R
MeTOL TETYRE L =i
OGRS THVENTORY THENGE
TR, 101, 108
» TERE. OF RADDED GRS
193, W= T T 4 PP T 3R
OMESS RDDED
Pl B el A0 T
OHEN TEMRERRTURES DUE T INYENTORY CHANGE
e TR PHGOEL Y TET 0 Yy ek
P SaT K1, R
=TE TR LI ETHR L E TG VT
TR0 TUSTMENT NF OO SPACE TEMF WITH GRS ADDITINAN
TECS GT ATHAC LS T v AL 8 TET bl L, @0 TET NP eMR !
LA O T TP F xS )
CONFL PRESSURE DUIE TO THVENTORY CHANGE
28 TR (e S
cOMEM UM WOL. SNDY GRS MODE THVENTORTES DUE TO GRS ADDED OF REMOVED
TE VS REm, SR, Sy
FOGRS ARRED DR M0 THANGE
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Dok [ I Y
TOTAL WALLIME PRTIN
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WTT NN T ke P
ISR LR R R
as, TERCA K TasTHACL L TYy&HT I
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T CRICULRTE FOR enn ¥ WORETHG SFRCES
Ty 7o T4 o
COLET F=SOLID THDEX AND L =GRS THDEN
[k
L.=1
COZERD DUT MRZS FTRAY AFTER MRSS FLL
P 749 11 =
THRE2,TY Yo=0
Rz 2 BMed, T Thy=R
C SET SECOND TIME FLHAG
IT=4
T RETURM FOINT OF DECISTON TREE
G TECOWROL, TY=CWMOK, T34, Pde, 7947
Cate CLUM. GRS VOL. LESS THAN CUM. METAL VWILUME
K I IFCTYmsg, 284, 78S
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Wed oK, To=RM
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GOTOZSS
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b ie(iir)
1 eoee

T

TS

DO TMDES GRS MODE FLAG AND FETUFN
L=l +1
SOCHECE PO EMD OF MASS FLON CRLLCUOLAT I
TR GF @y GOTo 540
T RETHRN
GO TR
Pk e CHM GRS WO EWACTLY EOUEL- T Uit METHAEE SWOLLINE
COUHECE FIRST TIME FLAG
s TECTT o210, 9164, B56H
FAPDTTION OF METAL MORE LEADS TO BEOLIRL WOLUMES
= P BT e
TOROD B ThaTr|ey L, Th
GOTD =5
CORDDTTION OF GRS NODE LEADS TO EOUAL WOLLIMES
OETMD MAST TO COMPLETE METHL MODE SRACE
ERTx| RS I L SR ]
P b T sl 2 b Tl L T
TOFTND AVERHGE TEME - OF GRS MWW TH METAL. MODE SPRCE
TOACS R, TasdTEROSE Toay+TEACL L Toslded L, Ton W v, I
I SET FIRST FLANG
=0 f1=1
TOTNDES SO0 ID AND GRS NODE FLAGSE
L=t +1
S X
rOCHESY FOROEMD OF MRSS FLOW CRLCULATION
IEFE GE 3 OR. L GE. 9% GoTo Ta
o FPETURN
WOTO 4
Caktd CHMOOGAS WOL. GREATER THEN CUM METAL YOLLME
4T TECE B Y AND L EC 4 GOTD Z5H :
GOTO 5
~OETEREST MODE FOR GRS BND METAL
e B2 B T L TosCWr, Th s OWGE0L, T
THACR K, TesTGRCL Lo I
HEEIOTE WU S R LS i
GOTO TR
rGEMNFRFAL CHRSE
©OCHECK FIRST TIME FLAG
AT IECTINEAT, 247, Td4
™ FTIRST TIME FOR NEWM GRS MOGE
T FR=¢CWMOE s Tr—0WGECL~1, Thas WG L, Ta=-C0G0L-1, T
PH=c ~RERY#ML L, I
s ST N
Wl b T
WSk, Theafd 2, o T a4
TR KL D=0 TERCE K T e TR L T30 A2 K, T
GOTO =292
r AFTER THE FIPST TIME
I Y FR=cOWMe K, Tr-WMob =g, Dot CCniGaol, Tr-oWMOok=4, 130
Moo, bk Th=RHapR
S0 ES L ERE Lol S
TSAC2 b, Trhe=TGHOL, L, I
TORESET FIRST FLAG OM GAS YOLUME SHORT <IDE
e 1103
COITNGED SOLID MODE FLAG
S ]
vOTHEDY FOR END OF FLOW CRLCULARTION
1ECE, GE 9 GOTO 218
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; ToR- € PETURN

: a0 GOTO 4R

- PTA C FING AND SHOW TOTAL MASS AFTER MASS FLOKW
33 RS R Hk

' g P T2E Mo o8
T Tea Wete 2 b T

;

H T FRRFLSMY T -1

) 0 TFCARSCPRPEL v L0 T 770, 700

R TR TN MRITEC T TTAYFRRFL

" A ¢ FORMATE . FLOM ERPOR TS P04 7 TH WORETHG SPACE #7100
. T L I Kl B

i! i DI L METTES To 05 ah e 4 b T bek 10 Pkl T oyt 1
TN 1OTRAVEEL T G TRRE T

™ 10 FrRMATY 170 GF L8, 40

T ST

; T 7T ¢ ONT THLIE,

' = CONT TNUIE

S STER VeeRHANGE TH TEMEEROTURE OF GRAT ARG METAL. HODES DOE T
TR HEAT TRENSFER MITH HO WOLLUME CHANGE

0 IN DRT COOLER

P Efam Ted, d

T4 0 OMERT RECETVER BY METAL NODE L

TE FME LTVl 2, 20 Yo dCTORG D &0 TrTMREE, T2

| ™l ¢ HEAT RECEIVED BY METRAL NODE 2

G2 Ml T DA TRRCE, I Th=THARCT. T

e OO 14 Tl IR

TH4 T HEAT PECEIMED BY METAL NODE T

TR Wt el 2 d B THACD G T=THAGD, TV 0

N,
bt Rt

o e Ak
-3
La
S

T el it
-3
F N
O

T O T sy
TS © HEAT FECEIYED BY METAL NODE 4
PR VAN S T TR S EY=THACS. T2

THE L DR S & S8
wam: © HEAT RECCIVED BY METAL NODE 5
Tal WA 206, T TARACE, 6, Ty=THRA S T

TR2 LTRSS 2

TEI. © HEAT PECEIVED BY METAL NODE ¢
T HECARME R, Ty TVACTGRID, T, T =THRET, 10000

TES N

TEE 1 HEAT PECEIVED BY METAL NODE V

TET. AP P e

Sem ¢ CHANGE TH PYERAGE GRS TEMPFRATURES [WIE TO HEAT TRAMEFER
TES P Tt el

TR IRT TOF 2 b, TreTHARM 1T

o ¢ OCHRMGE TN METHEL NODE TEMRERATHFES DUE T HERT TRANSFER
Ve, RN =R S I

DOES THe K DraTHob . Tosnbe koo Tk

Ry e FONT TMUE

e =%} FONT THUE

TR © STER & -NEW PRESSLIFES FOR TACH SEEEE DLE TO HERT TRANSFER MITH P
Ty r VWELUME CHANGE

T ST Rats T D SRR IS

T r HOT SERCE

TN PO, e 3o T e TR L T YHRY D T

T v HEATER MAMTEOL D

el Pl 2vebh oo S Tl TR T T WHN

=k r HERTER

g P T T e T DT TR 2 T T YD
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RV

oe
=

i
—

va9;
a6,
=
786,
va9,
79Q.;
7M.
7o
o X
a4,
g 1<K
798
797,

799,
806
201 .
202
863
864 :
8095
806
887
808
809
818
811
812:
812
814,
818
816
817:
818
849
820
821
822
82z3.
824 :
]z2s:
826
227!
828
829
830:
831:
832
BI3:
834
838.
838
827
= s
]S
240 :
841 .

C  REGENERATOR MANIFOLD
PECT. 43l 4, 10MHONTGRC2: 40 1) AVRN
C  REGENERATOR HOT WALF
P31, Gi=WL2, B, 1IKCHTARC 2, 5. 1Y ACYRDAR, »
€ REGENERATOR COLD HALF
F3CT, €2mlCE,: 6, To4MCTRACR, G) 1D/CYRDAZ2, ¥
C  COOLER
P30T, 7relCR,.7, ToMONTGRER, 70 10AVED.
& COLD SPRCE
PECI, Gaalic2, B, 1DWNCHTOAC2, B, 1)AVEACR 1)
C STEP 7--ADIABATIC PRESSURE ECUILIBRATION AT CONSTANT TOTAL VOLUME
& FINAL COMMON PRESSURE FOR INCPEHENT
weYHACE, THePICT, LowkR
KuR+VHMHPIC T, 20 0mKR
N+ PHDNPICL, DR
UmK+YRMOPI T, ) dobiR
K=X+VRDA2, WP T, S) kR
HeKHVRDA2, P33T, 6 wikkR
HmXSEONPZ (T, PrwmkR
K=NAYCAC2, TP, B maKR
 PACDIECRATR, 1) kK
» STEP PA-- GAS NODE TEMPERATURES AETER-ADIABATIC PRESSURE
EQUILIBRATION
D0 4133 K=4,8
3 TGHC2, K, 1)aTGRC2, K. IYRCPACTI/PICL, K YwnGRA
STEP ?B-- CUMULATIVE VOLUMES OF GRS NODES DUE TO PRESSURE
EQUILIBRATION
CVG<L, D=2, 4, 1HaXE*TGAC2, 4. 1)/P4¢E)
DO 134 K=2, 8
134 CVACK, 1)=CVGLK=1, 1O+MC2, K, 1I4ROHTARC2, K, 1)/P4CT)
C CORRECT SMALL ERROR IN VOLUME
CVYGR(R, 12=VTC2, 1)
C STEP 8-~ INITIALIZE QUANTITIES FOR NEXT INCREMENT
C TEMPERRTURE
DO 364 K=1,8
364 TGRC(L, K, 1>=TGAC2, K. 1)
€ VOLUMES
VT4, 1H=aVTCR, 1)
VCACL, 13=VCAC2, 1)
VHACL, I>=VHAc2, 1)
C  PRESSURES
P1CI>=P4C1)
C MASSES
DO 750 K=1,8
758 WA K ID=le2, K 1D
740 CONTINUE
C STEP 9--DETERMINE ENGINE TORGUE AT QUTPUT SHAFT
C INDICATED ENGINE TORQUE, FORCE ON PISTONS, NEWTONS
FPC1)=100. % =PLCLYRACY+PL C4IBLEY= P14 =0, 1)40CY)
FPC2)=100. *CPLCLMBCY=PL(2M ALY =CPLCL -0, 1400y
FR(2=100, +0P1(2)#BCY-PLIMRACY=-CPL1¢2)=0, L)4CCY
FP{4) =108, %(PL(IIBOY-PLC 4 #ACY=CPLC20-0, 1240CY)
T TORQUE ON ERACH CRANK, N-M, OCW IS POSITIVE
TRCLH=RCA198. *SINCEARADY#FPC1)
TR 2H=RC/100. *SINCERRADH+PI2 ) wFP(2)
TAC2I=RC/100, *SINCEARAD+PI Y4FPC3)
TRAC4H)=RC/100, *SINCEARAD+PIZ2)%FPC4)

c
c
133
c
c
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(C N COANMICAETED TOROUE O BN THF

547 TOY. TOC L 0+TOE 2 TR +TO 45
XV PEYCPL L AR LRI CT AR O
. a46 T GHAFT TORGLE FOP EHGTHE
- e SR=ONEGS 2, WPTY
» ey TEE AT WP LR, 40, FEREZ- AEART ATHOMFR s ¢ e 1 ~OMPTE BO04
; R L PHEWE s =1 BL0
’ A CerpwdEND OF FHGINE TOROUE AND INTERNAL H T, SUBPROGERN
# Y Pae ket INTROL FPROGRAM FPART 7
- A5, TOR IFCTIM-TOTT vl PA0, 700
. ARD CeadeFTNAL  SLMMARY RPEFNRT
G o MRITEC Y, PHEIFUEL . TRTT. SPYY
L I FORMAT. ' FUEL, TATT, SPYWL " TFLA, 5

| oL I T % 1) STOP
P RSE END
) asT SUBPAUTINE MASSCIGT, B IR . DOT. W P L FARFERS

@S, BIMBHSION PLodd
59 PERL M2, MIRL
) 256 TFWEHDEU~4ﬁ WEER, SR B86
i REL: B9 IFCEADEG-47%, YRAED JBhM.EEG
meR. 958 1F CEADEG~208, "Rad. B84, AST
Sex . AST IFCEADEG=T4S, 1858, 853, 860
64 17 GRS CHANGE TH MORKING SPRCE L
RES ;888 Iz
\ SRS Pzl ¢ B L e VB RP =M TRAPCDT D
L Bav: BOTORYS
AGE: © OAS CHANGE IM WORE ING SPACE 4
Tt Tii=4
BvE ™ “+vP1'4'~”*¢E”P'~MIP14IUT'
vl POTD%
a2 0 GRS CHANGE IN WOREING SPRCE 2
B2 BB2 IG3=2
87d P%‘\+~Pif33~H3#EHP(~MIH1mUth
y a7s GOtHars
2PS © GAS CHANGE TN WORKING SPACE 2
ary. 2884 1G3=2
fara Wazidep £ P 2=V ENP =M IR L RDET
gra.-  ays FETURN
280 END
and SUBROUTINE STRNTHCRE, STNY
BR2 1E ¢ PE=-201I L Ag, 108, 204
2R3 198 CSTN=EXPC L, S0RR-0 SZSTHALOGIRED Y
REg GOTO200
£RS: 208 STN=EME ¢ -4 QRS-0 1RE3HALOGCREY
S8 Ion - PETURN
an? END:
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- COCUREOUTIME USED TO CRASE PY DTSPERY FTEED
: Rt SNEROUTINE FRATE

v THTFOER4 L G5 U5, CALES DE AG YW R L

: ! OHTA GO0 CH ESHTE AR D T o 20 1 80
f EEN O I (s TP T E

\i HAT CARLY. FONDT C0

' 1 CRLL CONOLITEES

¥ ane CALL CONOUTCRE

h e T
o
ha g

i
l
fax]
Kyl
P

: Fi3 WH T TR

. ey WL T TR
t FIa U JRETE T

: e DL MO TR I3 A
; Y THLL CONONT Y

Ay FRLL CONONT YL
an FHLL P ENONT M
an CAREL CONOUT S
g P AR Tead, e
ARG M= T4

ape 18 CONT THUE

T e

) ey W 2o 24T
e WML S TR RE

gek] FELL CONIT Y
AL CALL TORCIT YN
i CRLL CONOLTHY
ne CELL TR L
4y L D WS, P 4 T ‘{
14 M- Ted
a1y a6 CONT THUE
ALY CHLL CONDOUT ES
ay? CALL CONOUTCARY R
g8 FRALL CONOUT LS 4
Qe CHRLL CONDLITOCR?
a0 T CONTIHUE
) amM, FETLIFPM

R EMD
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6,0 PROGRAM USERS MANUAL

Thin peation givon the direetlons Tor uning the progeam deneribed in thin
roport, IiL ln nomotlmen partlondnr to the Alton computer uned in tho program
devolopment. but tho intent of onali inntruotlon An plvon so thot anethor com-
putor ann alro bo wned,  Tnotruetionn aro nn followns

ool Lond Proguan_ ONTLA

A, Twrn on computor,
B, leoert diva,
¢, Typo CNTLA (roturn)
Do Followiug mousneo appoars on deroon
DATA RIsSAD 1IN
TYI'lS 1 LAV IN BASkE CASE
TYDPE 2 BRING IN STORED DATA FROM LASYT CASL

Whon the program wsturty, the duto vtatemonts wro always road. This Indtiatoo
tho base case,  Thoe program hus beon used before, A £1lo has beon er.bed
which tranotors tho Input valuos to program ONTLB, It the oporator ha..
alrvady made o lot of chuhguys and wants to make somu more, he should 1vpo
2 and then Rey (retwen), It he lg startlng orwants Lo slort over with the
bavu case, he should type 1 and §return .
B+ Type vlther | or 2 and roturng
Fo The followlng directions appear on thu sere:—
GNTLA INPUT ADJUSTMENT PROGRAM, TO Cii'M,. IYPE 2 DIGIT INPUT
NUMBER, A SPACE, AND THE NEW INPUT VALUE W1TH A DECIMAL POINT,
0 CONTINUE HIT RETURN,
G. Hit return,
He A table appears on the screen as shown in Table 6.1, To save space
the input parameters wre identified by numbars only and the values are
glven Juet by o number. Table 0.2 glves the identity of each input parameter.
This table 1s glven in numerical order of the input numbers, The symbol
used 1n the program, the meaning, the resident value and the units ware glven,

1]

Table 0.3 glves the same Information organized by subject, It once wants to
change a particular oporating condition, 1t would be eausler teo look up the
variable number in Table 0,3, Table b.2 would be useful 11 the question is
what o purticulur varlable number meanis or 1f additlional varlubles are

: needud to be added.

;, 1. To change a varlabloe type the variable number, a space and then

i the new variable value with o decimal point in the appropriaste place. After

| provsing ( retwn), the change munue 1o redisployed. with the new change. .

)

Thiv jrocess nay be repeated as many times ao deslred,  When caleulatlon 1o
to preceed, type 99 and (return) . The word STOP will show on the seroen
when the program s tinlshed and the intermediate values have been filed in
FORT10.DAT., Aluo ihe prompt A will appear.  The opoerator lu now finlshed
with ONTLA, 1In fact, he Lo out of it,
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Table 6.1
INPUT PARAMETER TABLE FOR BASE CASE

drsbom ok sk AR AR AR HOR o o iR st oo R o b e oo Aokl ok ookl ok
# OPEPATING CONDITIONS BY NUMBER * * #
w04 922200 * 82 SO 000 » O3 300, 000 & 04 1573 000 » 63 40,980 *

+ 06 300, 008 » 67 .5900 % 08 S0, 000 * @9 1 * 10 . 540 »
# 14 26, 0600 » 42 L 472 * 43 4.850 % 14 20 029 = 415 7. 950
* 46 1. 608 * 17 1. 080 % 18 20000 % 19 90.000 % 28 22 400 »
* 21 2,328 % 22 13,652 % 22 10 160 * 24 4, 060 = 28 472 W
* 26 084 & 27 36,000 % 28 11 599 % 29 6. 000 » 30 3. 500 #»
* 31 2.500 = 32 . 200 * 33 0. 000 * 24 8. 600 * 3§ 0. 800 *
* 26 196 020 » 37 . 9%8 * 28 L4458 % 39 412 960 & 40 312 008 »
* 41 1100 000 * 42 36. 880 % 43 . 472 # 44 1.120 » 45 7. 950 *
® 46 . 640 % 47 25 580 + 48 .10 % 49  10. 000 * 50 5. 008 *
* .54 . 300 % 52 50 008 » S2 .500 * 5S4 10 000 * S5 . 084 &
% 56 1000. 0P8 » 57 150. 090 * 58 16 550 * 59 8.000 % 68 46, 432 »
* 61 4. 008 * 62 1. 600 *» &3 2. 000 = 64 4,478 % €5 43 420 »
* 66 1. 500 » &7 . 500 * 68 . 410 % 69 1,278 » 78 . . 381 *
* 74 L8441 % 72 10,030 % 73 . 280 % 74 . 017 » 78 , 381 *
* 76 1. 000 » ?7 2.008 + 78 1,000 « 79 S0 000 % 80 S, 000
* 81 1, 000 & 82 S. 008 * 83

Sottolototiotolk itk ok R ARk R RO
I1 XXXXXXXXXK TYPE 99 TO CALCULATE/ AND FILE INTERMEDIRTE VALUES
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Table 6.2
GNTLA CHANGE TABLH BY NUMBER

Moaning

THMG

1

e 1B
3 Wl
h FWl
5 oMl
6 T1

7 DT

8 ME

9 Z

10 RGEY
11 NTHM
12 DIHM
13 FFF
14 THU
15 LHM
16 TCR
17 TID
18 TAC
19 TOTT
20 SPM
21 RC
22 LCR
23 DCY
2k DDR
25 DIH
26 WTHM
2 NTH
28 VHDX
29 NR

—prgprge

Pomporaturo, hot motul, goal
Tomperaturo, proportional band in hot motal
Tomperature, wator, inlot

Flow of coollng wWater for entire engino
Desired idle speed of englno

Ambient ailr temperaturoc

Initial time step

Mechanical efflciency, engine

Flag for working fluilds 1 for H,, 2 for He,
3 for air “

Vehicle travel per engine revolution in
first gear

Number of tubes in heater manifold

Inside diameter of tubes in heater manifold
Full fuel flow

Time for engine warm-up, before cranking
Length of tubes in heater manifold
Duration of starting motor torque

Idle time after cranking

Vehicle acceleration time

Total simulation time

Cruising speed of vehlcle

Radius of engine crank

Length of connecting rod

Diameter of cylinder

Diameter of drive rod (at seal)

Inside diameter of heater tubes

Wall thickness of tubes in heater manifold
Number of heater tubes per cylinder

Extra hot dead volume in end clearance and
hot cap clearance per cylinder

Number of regenerators per cylinder
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A,ﬁf§§iﬁﬁt Unito
pno Lo K
50 K

300, K
1575 G/HOQ
40, rad/sec
300, X
0.5 nec
90. %

1 -
0.54 meters
36 .
0.472 cm
4.85 S/Sec
20 sec
7.95 cm
1.0 sec
1.0 sec
30 sec
90 sec
224 m/sec

2.325 om

13.65 cm

10.16 om

5,06 cm

0.472 cm

0.084 cm

36 .
11,59  cn”

6 —--

o,
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Tablo 6,2 (continuoed)

Repldant
E: : Numbér Symbo}ﬂﬂ | | Monniﬁg . _ Valwe Un?ﬁg
" 30 DR Diamotor of oach rogaonerator 3.5 en
{ 31 LR Lonegth of rogonerator 2.5 om
}; 32 F¥ Fraction of rogonorator volume f£11llod with 0.2 -
" polld (if mero program caleulates FF
5 from dimonsiono below)
; 33 NS Numbor of sereeng por rogonerator 0.0 -
9 34 MSH Mesh size 0.0  wiros/cm
ﬁ 35 THY Thickness of wire in screens of regenerator 0.0 cm
)~ 36 VCDX Cold dead volume not in gas cooler or cold 196,02 cm3
gpace
)- 37 FCA Fraction of VCDX that is adiabatlc 0.95 .-
| B DIc Diameter of inside of cooler tubes 0.115 cm
39 LC Length of cooler tubes 12.9 cm
40 NTC Number of cooler tubes per cylinder 312 --
41 MIV Mass, inertia of vehicle 1100 Ke
42 NTRM Number of tubes in regenerator manifold 36 -
43 DIRM Inside diameter of tubes in regenerator mani- 0.472 cm
fold
L4 AFR Frontal area of vehicle times shape 1.12 n?
coefficlient
45 LRM Length of tubes in regenerator manifold 7.95 cm
L6 DOH Outpide diameter of heater tubes 0.640 cin
L7 LHH Heated length of heater tubes 25.58 cm
48 TMAPH Thickness of metal separating each flow 0.01 cm
passage in air preheater
49 LAPH Length of alr preheater 10.0 cm
50 WAPH Width of each air preheater passage 5.0 cn
51 TAPH Thickness of each alr preheater flow passage 0.3 cm
52 NAPH Number of alr preheater flow passages in 50 -
each direction
53 PRL Pressure of working gas 1ln low pressure 0.5 MPa
reservoir
4. PRH Pressure of working gus in high pressure 10.0 MPa
reservoir
55 WIRM Wall thickness of tubes 1n regenerator 0,084 cm
manifold
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Pablo 6,2 (eontinned)

:
zs; S R
N Ho ™7 gtarting motor torquo 1000,  Nowton-
X motors
; 57 MIR Meaedmum timo conglant for changing working 150, oo™
3 WL Pronsuro
o RAR Maou ratlo of alr to fuel 10,55 /e
. 59 NO Numbor of nodos in alr prehoater 8
60 LHV Lowar heating value of fuol ho b3 Ki/e
L . 01 GCT guar change time 1.0 o
o2 RGE?2 Vehiclo travel por ongine revolution in 1.0 motors.
’ second goar
’ 03 RGE3 Vohicle travel per engine rovolution in 2.0 motars
ithlrd gear
ol VSP2 VYehicle speed to change to second gear hli7 m/sec
05 VSr3 Vohicle speod to change to third goar 13,42 w/sec
] Ob THH Thicknoss of hot cylinder head 1.5 aom
"__ o7 TRH Thickness of regenerator head 0.5 om
' 3] RWT Averago regenerator wall thickness (for 0.41 om
heat conduction)
69  TCY Average engine cylinder wall.-thickness 1.7 cm
(for heat conduction)
70 THC Thickness of hot cap cylinder 0,381  om
71 G Gap between hot cap and eylinder wall 0.0406  om
72 HCL Hot cap length 10,03 om
"3 KM Thermal conductivity of englne walls 0.2 w/em K
T KMX Thermal conductivity of regenerator matrix 0.017 w/em K
75 THCH Thickness of hot cap head 0381 om
To QL draphle option, 1 for yes 1.0 -
7 Q’ Printoul optlon, 5 to console,  to printar S0 -
8 Q3 Pariodle roport printout optlon, 1 lor yos 1.0 -
ey KIN Engrine inertla H) Kg m;"‘
84 PRIS Proportional band on englone 1dle speod Hae0 41'.'1({/'.’4‘0
81 PRVY Lroportlonal btand on vehlele speed b0 m/uee
R TRID T™me interval for pertodic report printout HaO0 o sec
109
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Table 0.3
ONTLA CHANGE TABLE ORGANIZED BY SUBJECT

Subjoct ~ No, Symbol mﬁﬁﬁgf Unite
Solution output control
e Graphion flag (1 for you) 76 Qi 1.0 -
52' : Output lag (2 for printor, 5 for neroon) 77 Q2 2,0 -
Poriodic report flag (1 for you) 78 Q3 1.0 -
Time intoerval botween printouts #82 TREP 5.0 nece
) Initial time otep 7 DT 0.5 noe
: Nodes in ulr preheater 59 NO 8 -
: Driving Cycle
~ Warm-up time 14 THU 20, sec
- Cranking time 16 TCR 1.0 sec
= Cranking torque 56 ST 1000. N-m
: Idling time 17 TID 1.0 Bec
= Desired idle speed 5 oni 40. rad/sec
| proportional band on ldle speed 80 PBIS 5,0 rad/sec
Acceleration time 18 TAC 30. se0
Crulsing speed 20 ST™ 224 m/sec
Total simulation time 19 TOTT 90. s5ec
Proportional band on vehicle speed 81 PBVS 1.0 m/sec
Gear ratlio, vehicle travel/revolution
first gear 10 RGE1 0.54 m
second gear o2 RGEZ 1.0 n
third gear 63 RCGE3 2.0 m
Geur change vpecds g
to second gear Ol vsp2 4,47 m/sce ,
to third gear 65 vsr3 13,42 m/vec :
Time to change gears ol GeT 1.0 vec ,
Muximn time constant for changing 57 MIR 150 mec—j‘ '
working pas pressure .
Engine Operating Condltiony
Temporaturesn
ponl for heater tubes 1 TIMG gl K
proportionad band on heater tuben ! TR 450, K
wistor inlet 3 TWI 300 K
ambioent alr 6 T1 300 K
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Tablo 6,3 (continuad)

Ronldont

r Subjoet - No.  sywbol “OPATEE it
4 Ingdine Oporating Condltlonn (cont\nuud)
Prosouron
low renervolr h3 TRL 0.5 M
high ranorvolr 54 PRI 10,0 MPa
Working fluld (1 for L,y for Hoy3 for adr) 9 % 1
Flows .
maxdmun Luol 13 MK gy p/voe
cooling water 4 W1 1578 p/vec
Lower Houating Volume of Fuel 60 Lhv bo vy X ife
Rutlo of air to fuel 58 RAR 16,55 /e
Engine Dimensions
Vehicle
inertial mass 41 MIV 1100 Kes
frontal area times space coefflclent Uy AFR 1,10 m
Alr preheater
plate thickness 48 TMAPH 0.01 cm
length 49 LAPH 10. en
width of each passage 50 WAPH 5 cm
thickness of each passage 51 ‘TAPH 0.3 cm
number of alr passages ecach way 52 NAPH 50 —-
Hot and cold spaces ’
Diameter of engine cylinder 23 DCY 10.10 cn
e thickness of engine cylinder wall 69 TCY 1.27 cm
- and clearance and hot cap clearance 28 VHDX 11.59 em”
“valume
thickness of head 66 THH 1.5 cm
gap between hot cap and cylinder wall 71 G 0.,0406 cm
length of hot cap 72 HCL 10.03 cm
thickness of hot cap cylinder 70 THC 0.3 o
thickness of hot cap head 75 THCH 0,331 om
thermal conductivity of ongine metal 73 KM 0.2 w/em K
diameter of piston drive rod 24 DDR 4,00 cm
Heater manitold
numher of tubes per cylinder 11 NTHM 36 _
inside diamcter 12 DIHM 0472 om
length 15 LHM 7495 cn
wall thickness 26 WTHM 0.084 on
i
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Tablo 6,3 (continuad)

Ronldont

E Sub%ﬁgt _ No, Symbol Valuo Un;tn
ﬁ‘ Eneino Dimonntons (continuod)
. Houtor
E D of tubou 25 DIM 0.u72 am
* {ubas por cylindoer 27  NTH 36 .-
fl outvdde diametern 46 DOH 0,640 o
A hoatod length 47  LHH 26,5 on
[? Rogenerator manifold
?; number of tubes per cylinder 42  NTRM 36 -
) ID 43 DIRM 0.472 cm
length L5 LRM 7.95 cm
) wall thickness 55  WTRM 0,084 cm
Regenerator
thermal conductivity of matrix 74 KMX 0.017 w/em K
number per cylinder 29 NR 6 --
diameter 30 DR 3.5 cm
length 31 IR 2.5 cm
wall thickness 68 RWT 0.41 cm
fraction of matrix filled with solld 32 FF 0.2 —-
number of screens per regenerator 33 NS 0. -
mesh size 3 MSH 0.0 wires/cm
thickness of wire in regenerator 35 THW 0.0 cm
thickness of regenerator head 67 TRH 0.5 cm
Cooler
number of tubes per cylinder Lo NTC 312. -~
length of tubes 39 1C 12.9 cn
ID of tubes 38 DIC 0.115 cm
Cooler manifold
doad volume 36 VODX 196,02 om° .
fraction adliabatic 37 FCA 0.95 -~
Drive
cylinders per engine -— === b -
radius of crank 21 RC 2.325 cm
length of connecting rod 22 LCR 13.65 cm
engine inertia 79 BEIN 50 Kg me
mechanical efficiency 8 ME 90 %
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Beoldes bolng ahlo to change any input variable involving ongino dimonpions
and oporating condltlong, thore arc nomo computer polutlon options that
should be divousped hore,

Number 76 - Graphic Flag. If #76 1a 1.0, thon CNTLB will go into the
graphlc parts of the program, If #76 is 0,0, it wlll not, If tho computer
doen not have graphlc capubility or the oporator doeo not want to uce 1t,
#76 ohould be 0.0,

Numbor 77 - Output Flag., If #77 is 2.0, then ONTLB will direct ito
poriodic and final output to the printer. If #77 is 5.0, 1t will bo
directed to the secrecen on the console. If #77 is 2.0, be surec the printer
is on or the golution will stop with no indication of why,

Number 78 .- Periodic Report Flag, If #78 is 1.0, a periodic report is
printed out or displayed. If in CNTLB #78 is 0.0, then CNTLB will not
produce periodic repoxts.

Number 82 - Repetition Rate for Periodic Reports. #82 glves the desired
number of seconds between periodi¢ reports, After this desired time is
exceeded, the next periodic report will be given. This number 1s useful
in controlling the amount of output from CNTLB to give an adequate but not
overwhelming amount.

Number 7 - Initial Time Step. #7 gilves the time step used in the heat up
section of the solution at the start of CNTLB. The program WARM (Appendix
A) was used to show that 8 nodes and a time increment of 0.5 second gives
adequate accuracy for the solution. #7 can be changed for other time
steps. When the engine starts rotating, .the program automatically ad justs
the time step.

Number 59 - Nodes in Air Preheater. Presently the number of nodes in the
alr preheater is fixed at 8. It cannot be changed in ONTLA. It can in
WARM. (see Appendix A).

CNTLA produces a data file called FORT10.DAT which is read by CNTLB. The
information is transferred by the position in this data file. Therefore,
the write statements in CNTLA and the read statements in CNTLB must be
identical., Table 6.4 shows the file for the base case.

6.2 Load Program CNTLB

A, Type GNTLB (RETURN) .

B, Be cortain printer is on. (Buso case has the Intermediate printout
o to the printer every 5 seconds of real time.)

C. The message FILE READ uppears on the screen, This shows that the
data file prepared by CNTLA has been read in.

The solution then procecds: ws required by the contract without any operator
attention, Proussing the CNTL Key and S at the same time will stop the
solution or sturt it again,




Tablo 6.4
DATA TRANSFER FILE FOR BASE CASE
(@alled FORT10,DAT)

(See lioting of olthor ONTLA or
ONTLB for idontdty of numborn)
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' Ty order te aluays bo in tough with tho solution, i lino of 8 numbor in
f oxponontdal formal ara always road Lo the connolo o ovory time olop,
TabLe 0.5 365 tho hoading Por thln roidont,

Porlodionlly, an dotorminod by Lho progaram, 1 Lhe portodie printout
apllon 1o onyie moro aomplote rondout 1 nndo ol Lhor Lo Lhe conpolo or Lo
Lho peintor,  Table 0,0 showo Lhe hoading tor thin oulput,

Tho defindtion ot the motallle noden endlod ent. tn Tablo 0,00 fnoan
Pollownt  (Soo Klpuee 9,)

1, Arownd hol space

2y Botwoen heator mand fold and hoater

4, Rotwoen heator and rogenerator nand fold,
Ly Uot omd of rogeneralon

5, Mlddle ol ropenerator

6,  Roponerator end of' cooler

) Pigwo 3.1 glves the nomenclatwre rfor thin ongline,

11 the graphic optlon Lo on , the following values wre dlsplayed to the sereen,

A. Schodiled as o fwetlon off Lime
1, BEnglne speed up until start of cranking
\ 2y Vehlele speed

B, Ticks on left hand Lorder of display to showt
d 1. Temperature goal for heator metal
2. Cooling water temporature

t ¢, Plotted as time progresses versus time
r 1. Current fuel tlow rate (over full helght of display) (Sturtis
out at maximum.)
2. Temperatures on the secale detorminod by the two tlceks
a. Flue gas leaving heaters and entoring alr preheatoer
b, Average heater metal temparature
¢. Flue gas leaving alr preheater
d. Average of metal around hot spaces
e. avergge of metal wround hot ond of rogenorators
. average of metal ot middle of regenerators
3, Englne speed on scale delermined by gpocifioed tdle speed
b, Vehicle speed--compared with deslred vehicle speed

D. DPressure-volume work diagrams for the four working spacoes,  Thowe
are on the right side of the sereen, Four boxes are drawn, Thoe
top box ls Lor working space #1, the second 1o tor working space
#2, and so on, Full wseale for the pressure 13 the high prossure
gag rosarvolr,  The bottom of cach neale 1o coro preossura,

The temperature plots must be di fferentiated by comparing the plol with the
poeriodic printout which aloo contalns the same valueus,

At the end of the iu‘og:mun three numbare wre ddsplayed.  These ares 1
1. Total fue oonmm\];tlon, grams
2. Total time, veconds
3. Vehlele speed al ond of eyele, mfuce
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There is an error irapping routine in the program which 1s activated 1f

mans in o working espuce is ahanged durlng Step k of the engine torque and
internal hoat transfor subprogram, Unlepe some achanges are made this routine
will not ntop the program, If for mome rengon this routine in aativated,

the fellowing mennnge is printed out or displayed on the pareent

¥low orraor 1n ___in vorking npaee # ___
Following thin 1o printed out or dioplayod 8 rown of 7 numbeorn whiah help
detornine whera Lo prablom 1o, The 8 reown aro the olght nodon, Within
onoh row Ltho nambern glve tho follewing valuon from lett to right.,

1. Nodo numbov

e Mans of gao In nedo at ottt of time otop

3, Mann of gas dn nodo ot ond of' tino ntop

4y Gumilativo volumoo in tho oolld

Y Cumulalivo velimon In tho gun

Oy Average eoas tomporaturo ol tho otart of timo nlop

e Averape eun tomporaturo at tho ond off timo vtop
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7,0 EOLUTION OF BASE CASE

Tha originnl expectation wan that the nolutlon ueing the programs deneribed
horein anuld be cheaked wlth the atendy ntate powor output and efficiency
glvon by Gonewnl. Motown fox tho #L23 machine (6), Howover, thin wan not
dona baaannn tho onglne powor output and offlclonay wora not enleulatod,

It would not be diffioult to add both power output enleuation and the offi-
aloney and hent Lnlanee enleulation ninee mont of the programming has-alyvondy
boon donn,

Tho lnput valuos for tho bawo cave aro givon in Tablon 6.1, 0.2 and 6.3,
Banod upon thio input the poriodic eutput 1o glvon on Table 7.1, A 1ino hap

boon drawn to noparate tho poriedie outputo., Tho koy te what thouwo numborn
moan 1o glvon in Tablo 6.5..

Mlguro 7.1 vhows the graphieal output at tho end of tho volutlen of Ltho buso
cuvo. Flpgwoe 7.2 chows tho selution purt wuy wlong to chew how thu four
prosvuro voluno diagromu appoar. Figuwro 7.3 shows how the vorecn looko
with tho diupluy ovory time step superimposed. Ao an uld to interproting
what 1o voun on the vereven, the duta plotted on the vereen are alve plotted
in FMlguwro 7.4 wing the data from Table ?7.1.

Figure 7.1, Photograph of Complete Graphical Output tfrom Screen (no shitt ?
to third gear). f'
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Figure 7.2. Photograph of Graphical Output Part Way Through--Showing PV

Diagrams.
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Figure 7.3, Photograph of Final Solutlon with Display Line for Each Timc

Step Superimposed. (The display lines can be dimmed out for a

better look at the graphics
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Table 7 1

PERIODIC QUTPUT FOR BASE CABH
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pable 7.1 (continued)
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Table 7,1 (continued)

60,80 4,85 4421 7O 26 22 40 22 40 @712
200, 80 324, 65 368, 94  402..82 476 94 470. 67 S04, 22 537. 59 570, 62
947. 78 975 66 1006, 21 1936 91 1067, 52 1@97. 97 1427 97 1195 08 2775 27
1554, 54 1509, 50 1617, 62 1645 S5 16732 35 1701, 02 41728, 50 1756 04, 1783 46
358, 24 1004, 52 770 95 %H40. 52 526. 46 200,08 2 48 1 2@ 1082 26
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75.00 4,02 S72.48 7O 44 22 42 22 40 . 00312
200.08 234.85 369. 35 403 67 427. 80 471. 7% S05 52 S39. 41 572 20
951. 42 979, 95 1010. 82 1041, 72 1072 51 1103 13 1123 29 1161, 06 2777 12
1563. 64 1591, 61 1619. 55 1647. 35 1675. 02 1702. 54 1729 92 1757 17 1764, 40
3?75. 04 1058 38 770.33 596,33 53337 308.08 389 4 28 788 27
276.82 1835. 64 747. 75 592,60 511.42 300.00 2. 91 1. 49 1064 79
377.21 1006, 75 72016 S90.72 S11.11 300.08 2. 46 1 71 12048 €0
37772 996.31 740,01 S92.30 51925 20W2.80 2288 41 92 865 &8
“A78.78 -28,97 167, 37 411,45 2238 2 08
£0.00 2 82 628,59 70 .48 22 43 22 48 . 00313
300. 98 334. 86 269.39 403 72 437 86 471,83 S05 62 539 23 572 51
§54. 73 980. 25 1011. 14 1042 09 1072 98 1103 53 1132 76 1161 45 2777 26
1564. 20 1592, 18 1620, 13 1647. 95 1675 62 1702. 15 1730, 54 1757, 80 1765 04
3600, 77 41074, 14 774,92 604.42 S520.@9 300. 00 2311 1 22> 926 a1
3681 62 1048 22 P48 P 600. 47 S16.53 200.00 2 2.417 1. 41 1208 €8
3682 BS 1010 47 714.87 596.19 S515.62 200.00 289 1 68 1927 25
383.65 990.27 €95.60 S594.34 SPA. 61 2W0. 00 2508 4 83 724 89
-197. 62 12 S& 167 . 4 2. 00
‘g’g"'es""""". o0 '%."2"?9 &634‘; ?La JW?G. 1 22, 4@1 22 40, 00312
300. 00 224. 89 369 43 403. 78 437. 94 471,93 SO5. 73 539 35 572 €5
952 417 980. 63 1011. 52 1642 48 1072 29 1103, 92 1134, 17 1161 81 2777, 49
1564, 87 1592 85 1620. 82 1648 65 1676 34 1703 89 1731, 29 1758 S7 1785 82
386, BL 1088 65 774,78 611 49 S20.92 2WR. 00 00 2. 36 129 1121 73
386. 74 109059, 96 7S0. 94 606. 75 52225 IO 00 2. 06 1 29 1174 29
388 00 1012 45 710. 31 599.44 S45.42 20003 2T 7S 4. 66 798 €9
308 82 982 92 684.20 592.89 492.24 0000 4. 9% 1 87 802 €2
Q® 249 41ET 27 1,45 . 496 200
FUEL. TOTT, SPV1 347 416 90 000 22 402

Engine fuel flow = 3,74 g/sec.

Engine speed = 70,4 radians/sec.
revolutions = 740,
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The 1ldentity of tha llnos on Flgure 7,1 can bo sortod out by comparing
Ploro 7.1 with Flmao 7.4, Fleowo 2,4 15 mueh Lonn dotallod sinee i
dorived from Tablo 7.1 for evory 5 voeconds of roal timo,

Fuol Mow 1o praphed in Flpgure 7.1 over Lho full vertleal sealo, A wmallor
genlo wan usod dn Flegae 7.4, Tho fuol rlow varios widoly. 11 1o ab 2o
nmthmxut1Mu&ﬂmrt:ujtm3nnmhnvlmlwmihunupxum thon at two othor pere
tods when the engino in working at full capacity. Al tho ond of the delving
eyclo the fuel flow 1o stlll onelllating but appears Lo bo damplng out.,

The top channol on tho lof't In Flgure 7,1 1o for vehlelo spoed, The dosiroed
vohlclo speed lu dvawn at tho start of the solution, Tho caleulated speod
18 superimposed upun thiu ranp and crulse.  Tho ealewlated speed rushoes
ahoad of tho desired speed as the vehlelo 1s put Into firat, socond, and
third gear. Touulbly the englne has boon ansigned too much inerilia. The
vohicle coasts untll the speod 1s back on schedule.

Tho next channel down on the lef't of Figwre 7.1 1s for engine speed. 1t
attains idle speed within the two seconds before getting in hear. As the
goar ratio changes in one second, thero is very little reduction in englne
speed. Thls 1s another indication of anh unrealisticly high englne inertia,

The final chamnel on the left 1o for engine and air rreheater temporatures,
The order of the temperatures from top to bottom soon after the engine starts
ares .

1. Fhmtﬁslmwh@lmwﬁrthmmmthmwwMMm

2, Flue gas leaving preheater s..-....

3, Average heator metal.

L, Average mid-regenerator metal.

5, Average top of regenerator metul.

L. Avorage hot spuce metal.

These graphs show that the base case air preheater 1s inadequate and must

be improved. The heater temperature tokes a serious dip during sccond gear
but recovers alter the shift to thlrd gear. Figure 7.4 shows that the eal-
culated heater temperatures are quite difterent at the twe ends, Halft the
heat from the burner is made to go to node #2 and half to node #3. There 1o
o wide difference in temperature betwoen these two nhodess. Node #3 which 1s
nearest the cold side of' the engine is coldar, After the ongine reaches its
cruise speed, thore 1s a slow but pronounced divorgence in individual node
temperatures for nodes #2 and #3. Othar metal node tempoeratures are less
affocted. Although data to this detall were only recordued every five
soconds of real time, o particular hoeater nede was always conglstently

high o low or in between, The author currently has no explanatlion for
this behavior.

The next line down in Figure 7.1 has o sawbooth appeatance. The tomperaturoe
of motal node #5 at the midpoint of the regenerator rises when the engine
provswre rises and falls when the englne prossure falls, The tomporature
falls at low pressure because conduction to the cold part of the englne 1u
more important than convectlon from g passing through the heater, This
node attains 1ts expected temperature midway between the heator and cooler,
Noto that the plotting of the individual node 5'us during the acceloration
phase indlceates that thls temperatine eycles over about 50 K during .
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ongine eyelo,  Myvontually thls nodo tempeoraturo Is Towor than any of' thoso
plottad,

Tho noxt Line In Plgueoe 7.1 starts Just bolow node 5 bul s moro pntablo,
This 1o motal uodo & which.tn ab the hot ond of tho reogonerator, 11 1o
sneprloing that this nodo tomperaturo settlen out so eloso to tho middlo
of tho rogonorator, This may bo due to tho low powor tho onginoe has to
pul out durlng cmlso,

‘ The final tomporature lineo In Flewe 7.1 1o for motal nodo 1, the metal
around tho hot spaco, It starto oul the lowest and onds up noxt Lo tho

: lowosnt. One would expect that this nodo would attaln hoator temporatwro,
However, at vary low load llko durling crulse, heat conduction to the hoeat
X udlnk draws thlo tomperature way down,

In conclusion, this computer program at this slage In 1ts dovelopmont gives
reavonable looklng answers. However, anyone who has worked with largoe com-
puter programs kunows there may be o nunber of important errors left in these
programs.

Finally, the problem of the proper angle increment for the solution has not
| been resolved. With a 7 to 30 degree angle increment reasonhable PV dia-
grams were drawn, It was feared that since the dead volume of the cooler
ils so small that with a 7 to 30 degree angle increment much gas might pass
through the cooler in one time step without being aftected by it. The only

. way to simulate transient thermal effects is to slow down the solution so
‘ that all the gas passing elther way is affected by the cooler. To do this
2 efficiently the angle incremont limit should be made a variable and its

effect should be investigated by a number of complete runs. Since each run
takes all day,.this work was left tor the future.
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8,0 CONCLUSIONS AND SUGGFSTIONS FOR ADDITIONAL WORK

A computer program has boon writton and perfoctod and fully documented that
will caleulato the tranciont respence of o Slomenn arrangomont Stirling ongine
pimilar to the General Motorn 4L23 or Lhe current United Stirling oaglnoea,
Elghty-two difforent variables ean bo changod to adjust the selutlon to tho
noeds of the eanleulator and tho computor belng uood and to opecify oxaoetly

tho engine dimonsion and tho oporatlng condition for tho onglno and tho
vohlelo,

The computer program modols an engino which uoos working gas proogure as o
moans of' controlling power. The modo of controlling the hoator tube tomper-
ature and olthor the englno or vehlcle wspued ls by proportional control,

With this program as a basis the following additional tasks are suggestods

1. Determine the offect of having the four cylinders in unison instead
of at 90° phase angle., The caloulatlion normally goes tor many hundreds if
not thousands of revolutions. The eftfect on the driving cycle will probably
not be signiticant but culculation speed would be quadrupled.

2. Obtain 16 steady stute operating points atf'ter the program has been
moditied to have averaged power output and efficluncy over a gspecifiod time
period. Compare with a standard and make adjustment in the dimensions or
otherr parameters.

3, Adapt the program to prediction of the transient pertormance of
the Department of Encrgy Mod 1 engine in the vehicle that is planned for 1t.
This will require finding all dimenslons including thermal conductivities,
moment of inertia, seal and mechanical frictioun, etc.

L, Compare this program and the version proposed in #1 above to that
program published by Daniele and Lorenzo (4) . Compare on the basls of
solution time and accuracy.

5. Adapt either the cwrent program or the one cylinder modification
(#1 above) to a calculated, reallstlc heat transfer in all gas spaces. That
15, the hot and cold spaces would not always be adiabatic and the heat
exchangers would have the heat transter coefficients expected for the lnstan-
taneous {flow. Show how the gas and metal temperatures vary during the cycles.

6. Add variable stroke control to the program.

7, Predict the translent and steady state response ot the Advenco
ongine now at NASA-Lewls.

This computer program was developed on a good quality microcomputer with
high resolution graphic capablilities. With only the graphic output plus
the single time display per time step the full base case of 90 seconds reual
time was run in 3 howrs 45 minutes. The graphle display plus the printouts
1t desired would be adequate record of how well a particwlar method of
control worked.
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Lthe sinpglo timo display per timo stop tho tull base easo of 90 poconds ronl
tmo wis Tun In 3 hours 45 minutos,  Tho graphie display plus the printouts

1 dondred would bo adoguato rocord of how woll o partlenlar mothod of con-
trol workod,

128

TR 5




,,,,,

1.

2
3.
b,

6.

9.0 REFERENGES

Prototype Vehdele Parformanco Spocifications, EPA, Ann Avber, MI,
3 Jan 1972,

W. Kay, AL, London, "Gompact Heat Exchangero," Second Editlon, p. 126,
W.H., McAdamn, "Heat Tranomisoion,” Third Rditien, p. 273.

¢.J. Danicle and C,F. Loronzo, "Proliminery Rosultn from a Fowr-Working
Spaco, Doublo-Acting Ploton,Stirling Engino Control Modol," NOR/NASA/
1040-17, NASA T™M-81569.

Seo W.R. Martini, "Stirling Engine Design Manual, "boE/NASA/3153-78/1,
NASA CR-135382, April 1978, p. 113.

W.R. Martini, "Volidation of Published Stirling Engine Design Methods
Using Engine Characteristlcs from the Literature,"” 1980 IECEC Record,
ppt 22“5"'22500




.

n*,

ATPENDIX A
ST PROGRAM, . WARM FOR

Introducticn

It wan found that In ordor to perform a 90 nocond wimulntion of a Mmplo
deiving ayelo, At wan noconoory to xopoat tho ealewlation nohome npproxd -
motoly 35,000 timon,  Tho burnor simulatlon 10 o odienificant part of the
enleulatlon nchoma,  No only doon 1t account Lo about ono~-£11th off Lho
pregrwn 1inon, 1 aloo ineludon ¥ nubroutine ealls and multdple wso off tho
axponontlal and log fwetlonng all ol whlch cuune tho computor to npond o
lorpo porcontage off 1th oxoculivo timo An Lhin wron, In order to raduco {ho
4 howr exooutdvo timo roguirod by tho Altows compulor and to admplily the
maln progruwn, 1t wat docldoed to wtiumpt to eroato the WAKRM,FON progrum,
WARM,FOR would ineludo tho bLurner simulation Lrom CNTLB JOR, and would
hopefully generato u slmplo relatlonshlp betweon Liwnow of'ficloney and heat
roquired by tho heator tubos., ONTLE,FOR wowdd then require only o low
squations to product fuel convumption au u function of englne hoat roquire-
mont ,

Node Arrays

One of the first modifications to the burner simldation was to Lncrease Ui
number of' calculation nodes of the alr preheater, Originally only four nodes
were acoounted for,, but it was decided to use arrays instead of sinpgle
variables. Tests were pertormed to determine the accuracy or the burner
efficiency as a function of the number of nodes used in the culeulation, It
was found that by using 20 nodes, the calculated burner efficiency was
within .98 of the efficiency calculated using 99 nodes. When using 99
nodes, the simulation requires 6% more time than the 20 node simulotion
requires. It was decided the 4 percent was not worth the prolonged calcula-
tion time. The four node simulavion was about 7,55 low so the 20 node simu-
lation was used as a good compromiue.

Time Increment

Regardless of the size of the program, if the calculations nced to be exc-
cuted twice as many times, then the time requirement doubles. A teot was
performed to determine how often burner caleulations had to be made so that
reasonably accurate numbers would be generated., It was found that by using
.05, .1, and .5 second increments, the calculated burner elficlencles

agree to - percent, However, when the one second time increment was used,
the numbers generated became erratic and efficlencies of over 100% were cal-
culated. As a result it was recommended that a +5 second time incroment be
used.,

The results of the time increment and metul node test ure shown 1n Table Al.

A vample table generated by WARM,FOR for 20 nodes and 5 second increment iu
shown in Table A2,
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Burner Correlatlofn......cm..

In order to nimplify the burner caloulatlons for the CNTLB,FOR progrdm, Lwo
corrolations woere nocanoarys

1, burner efficlency as a functlon of anglno heat roquiromont,

@+ burner offlclency an a funatlon of timo aftor thoe heant rogulremont
changon olgnificantly (tranclont condition)..

h The socond corrclation was attompted first, uning WARM,FOR o 1000 nocond

) duration., The burnor efflcloncy was calculated an a funcetlon of timo for o
T 20 gecond warm up and one conotant heal roquirement,, Three polnts wore tukon
- from the flrnt 100 seconds of olmulatlon and an offort was mudo Lo discover
a functlon desoribed by the tlwee points that would indicate the burnar
efflclency at 1000 suconds., Two methods were used, a powor curve {1t
using the WP -67 curve fitting routine and a more direct method involving
the solving of three simultaneous equations with three unknowns, The results
are shown in Figure A.l1. A non-linear extrapolation of this size lu,of
course, very difficult., Since the closest correlation was 2% off tor this
clmple example, it was decided that the burner calculations should be an
integral part of the main control program (CNTLB,FOR) if any rcasonable

3 accuracy 1s deslred.
100 ¢
=
;7 ’ WARM, FOR
-+ Power Curve Fit
; 95
i; -
]
S Root Method
[
a.
=
: ~ 90
it 3’
=
-
o
&<
L
L 85
<
5
<]

80

7 o400 600 800 1000

Time, Seconds

Flgure A.1. Burner Efficiency Versus Time.
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HLl1ity of WARM,FOR

Although WARM . FOR camnot bo unod to gonorato a slnplo correlatlon for uno
In GNTLB,ROK, 11 con bo usod te detormine burnor offielonclos and alr pro-
hoator tomporaturos an a funetlon of Limo for various hoal roquiremonts,
OF most. valluo aro tho plots of varlous Wanor tomporatwros and burnor of'tl-
cloney s o tunetlon of timo. A worthwhilo addition to tho program would

ho Lo cadenlate tho heat roguivoment of 4ho olhar molal partn of Lhe engine
(W Up 0ceuTs, .

Input

A sample table and the glossary of input variables aro shown in Tablo A3,
Changos are made by typing the ltom number, a space, then the now valuo,
Including o doclmal point, Q1 1u asslgned the value of 1 1f a table output
sueh s Table A2 Lo dosired, DTO determines the [requoncy of duta printout,
TP 1 the duration of each heat requirement. The hoat requirement is zero
durlng the warm up time, and 1s increaved by HREQ each time o perlod lasting
TP soconds 1o finsihed. The simulation lasts TOTT soconds,  Hash marks
divide the total simdation time into tenthas.

Graphicul Oulput

A dlagram of o typleal grapbical output is shown in Flgwe A.2. The top
sectlon plots various burner temperatures, The bottom section plots burner
offlcloncy and fuel flow as a function of maximum fuel flow. The left slde
of the screon displays digital values of what 1ls presonted graphically on
the right side. The alr preheater bulance (APH BAL) describes the balunce of
chergy between heat transtor from the tlue gas to the alr preheater metal
and heat transtler trom the alr preheater metal to the inlet gas. A negative
balance indicates that more heat is bolng transferred to the metal than from
the metal, so its temperature must be rising.

Program Listing

The program listing of' WARM.FOR now tollows, Note that the listing contalns
1t own nomenclature and 1ts own method of chunging input variables similar
to CNTLA given in the body of the report.
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Tablo A3

WARM ,FOR SAMPLE TABLE AND GLOSHARY

***AW0$H**NW*1*$$&0Q#NW

* OPERATING COND I TTONS BY NUMBER * 4 ¥
R BL 922 208 w oo S0, A0 ¥ @o IR0 0B + 4 RGO I LI
w06 20, QB0 * @Y7 20 . * OSLAROE. AO0 + O ap e A L Myt
+ 1l 1 &2 10 auy 1% LS ) Qe & 15 0oBA 4
L5 0 oans LY foaER 18 WoREn L L9 o bR b R ISR
& EHLINE DIMEHSTUNS 4 ¢ #* 4
s R U A o g Dan ok o S0 ¥ od ok 2 WA .
& 26 16 B9 % ol -C B SUCE G T SE v 0 K '
# 31 RIS S e OIS T 1 LI M 4 oD NERYTE AN
b oAb O, o s 27 foRAng % Ju OEn 4 U3 WG 48 KRN

¢t$0001*0*&*0***06*&***¢h0*

Ii I IR
u\nnn “ ‘uu‘n

1. mMG, K
o, TPB, K
3. T, K

4, DT, sec

5, Y¥F, g/s
o, THU, sec
7. NO

8., HREQ, watis
9, TIT, wvece
10, TOTT, see
11. Q1

1.2, D10, wvoe

&0*Mﬂ*0#***i¢fﬁ*$*$*$hm

OF TABLE VARTABLES

a&*%«*0&bkww$#$$iﬁd*ﬁt&%&&bOQQ‘QOQOOQQGQ000«
1YFE 49 Tu EXECUTE NEw CRE

Pt S TOOEND

21. LAPH, om
ne,  WAPH, cm
23, NAPH

24, TMAPH, cm
25, TATH, cm
26, RAF

27, DOH, ¢cm
28, DIH, cm
29, LHH, cm

30, NTH
31, LR, cm
32, KR

33, NS

*wwmw»mwmwt&¢maa404$%*&t#

Py, MSH, wires/cm
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U FRUGFAM WARRH FORF FRE-PROORAM IR CNTE ok

COWRETTEN BY PARTIND ENOTNERRTHG DNEER CORTERCT BBLE
CODEND 2o Pk NASH-REWTS UHDER THE DOE HDYANCED siTonoT IVE
COPROPULGTON PROGRARN

]
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1f_'(_"ﬁf‘~(-.'-t(‘"r(_—¢¢—'(_-vf_—:t-,tc-'t_e!-fyf‘gO_’fﬁ:ofxf-f‘:ﬁ:ﬁto_sa. Fa e e et

b NOPENCLATURE. #4444
fo- LHPORARY YAV TABLE
AIPH = HEAT TRANSFER AREN OF FULL ATR PREHEATER, SO (H
ACE o FADTAL ENGINE BCCELEROTION. FAbySEL bt

ALY o ACCELECHTION OF YEHICLE 67 STHRT OF TIME STEF. Maku e

ALY 2 BI DY by

HE = HR FRITTION. NLWNTON:

HFR « FRONTAL HRDH b YERICLE, Mty

AH = HERT TRANSFER AREA FROM FLHML. FULL LholHE o Lh
HHE = RS HERTER MINIMUM FLOW AREH, (M4

B = TEMPORARY YARIABLE

BHL = RIF PREHEHTER ENCRUY BRALANCE. (HTR-HTF 0 CHTH, &
BUY = PIAsCDOY4L=DDR Y42

BEF = BURNEF EFFICIENCY. 1§

0Yos Akl

CFF < LURRENT FUEL FLUMW: G0

CHAPK = HERT CHPACITY OF FULL HIF PREHERTER. J-%

CMH = HEHT CHPRCITY OF GRS HEATERS FUR ONE CYLINDER, It
CMis = HEAT CHPRCITY OF REGENERATOR MARTRIM, 'k

CP = HEAT CAPHCITY HY CONSTANT FRESSURE. L'u K

CFA = HERT CAPRCITY OF RIR, L0 N

CPFG = HERT CAPACITY OF FLUE OGRS LG b

i

(S5 = CCEFFICIENT FOR SHAFE OF VEHICLE .

UV = HERT CAPACITY A1 CONSTANT VOLUME, .G K
CYY = 4 %CIHDT CHAPH

[ANG = CHANGE IN ENGINE RANGLE. RAD

LY = DIRMETER OF CYULINDER. CM
LOR = DIRMETER OF DRIVE ROD. CH
DEQ = EQUIVALENT DIRMETER <USED IN RIF PREHERTER. (M

OIC = DIAMETER INSIDE OF COOLER TUBES, CM

DIH = DIAMETER INSIDE OF HEATER TUBES. CM

DIST = DISTANCE TRAVELED FROM STHRT, M

[OH = QUTSIDE UIRMETER OF HERYER TUBES. UM

R = DIRMETER OF ERCH REGENERRTUR, (M

OST = DISTRANCE TRAVELED DURING TIME STER. M

DT = TIME STEP. SEC

ERADEGL = ENGINE ANGLE. DEGREES

EARAL- = ENGINE ANGLE. RBUIHN

EIN = ENGINE INERTIR. fi Masg

Edea® = RIP PREHEATER METHL NOLE TEMPERATURES,

FCR < FRACTION OF SYCON THAT 1% ROIABRTIL

FF = FILLER FROTOR. FRACTION OF REGEMERATOR VOLUME FILLEL
WITH SOLT0C MUsT BE CERD TR IT 1S NOT USED

FFF = FULL FUEL FLOW 6,9

FLAME = BURNER FLENE TEMPERHTURE. &

FRody = FORCE ON PISTONS HNHY TROM CPHNECHAFT TS PUSITIVE:

NCHTONS
FUEL = TOTAL FUEL CONSUWMED BY ENGINE. ©
FND = FLOM. WHIER TNLET PoF ENTIEE ENGINE. i 'SEU

1.8

S TR NRT RSy EENTTER I,
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ﬁﬁonﬁnnoonnOﬂooonoon000000000o00000000ﬂ00000000006."!0

GA = (KK-1)/KK

GAPH = MASS VELOCITY CUSED IN AIR PREHEATERD, G/S Chws2

GHRX = MAXIMUM 1ASS VELOCITY IN HEATER, G/S Ciiwe2

HAS = HEAT TRANSFER COEFFICIENT, WK Chws2

HREQ = ENGINE HERT LORD, WATTS

HTR = HEAT RECEIVED BY ENTERING AIR, J/G

HTG = HEAT REJECTED BY FLUE GRS, J/Q

161 = VEMICLE CONTROL FLAG, 1sREMOVE MASS 2<ADD MASS

11,12 = GRAPHIC OUTPUT, X VALUES

J4,J2 = GRAPHIC QUTPUT, ¥ VALUES

J7 = DETERMINES INPUT NUMBER SELECTION

KAR = COEFFICIENT OF RIR RESISTANCE

KK = CP/CV

KR = 1/ KK

KRR = COEFFICIENT OF ROLLING RESISTRNCE

LAPH = HEAT TRANSFER LENGTH IN AIR PREHEATER, CM

LC = LENGTH OF COOLER TUBES, CM

LCR = LENGTH OF COMNECTING ROD, CM

LM = LENGTH OF HEATER TUBES, CM

LHH = HERTED LENGTH OF HERTER TUBES, CM

LHV = LOMER HERTING VALUE OF FUEL, J/G

LR = LENGTH OF REGENERATOR, CM

M(4) = INVENTORY OF GRS IN ERCH ENGINE COMPARTMENT. G

ME = ENGINE MECHANICRL EFFICIENCY, PERCENT

MGI = INITIAL GRS INVENTORY, G

MIR = FACTOR RELRTING MASS FLOW TO PRESSURE DROP, G/S MPA

MIRL = ADJUSTMENT OF MIR TO PREVENT CONTROL OVERSHOOT

MIV = MASS, INERTIA OF VEWICLE, KG

MSH = MESH SIZE, WIRES/CM

MH = MOLECULAR WEIGHT OF WORKING GRS, GG MOLE

MHFG = MOLECULAR WEIGHT OF FLUE GAS, G/G MOLE

NAPH = ¥ OF AIR PREHEATER FLOW PASSAGES IN ERCH DIRECTION

NR = NUMBER OF REGENERAYORS/CYLINDER

NS = NUMBER OF SCREENS PER REGENERATOR

NTC = NUMBER OF COOLER TUBES/CYLINDER

NTH = NUMBER OF HERTER TUBES PER COMPARTMENT

OM{ = DESIRED IDLE SPEED OF ENGINE. R/S

PI = Pl = 3. 141592654

PI2 = P1/2 = 1 5078796327

PI2 = 3%P1/2

Pl4 = PI / 4 = . 7853981635

PRH = HIGH PRESSURE RESERVOIR PRESSURE, MPA

PRL = LOW PRESSURE RESERVOIR PRESSURE, MPA

P1(4) = GAS PRESSURE AT BEGINNING OF TIME STEP, MPA

P2(4) = GAS PRESSURE RFTER VOLUME CHANGE, MPA

P3(4> = GAS PRESSURE RAFTER TEMPERATURE EQUILIBRATION AT

CUNSTRANT VOLUME, MPA |

P4(4) = COMMON GRS PRESSURE AT END OF TIME STEP, HPA

OF = HERTING OF HERTER TUBES OF ONE CYLINDER BY RURNER
DURING A TINE STEP,

QEX = HERTING OF WORKING GRS IN HEATER TUBES DURING TIME STEP,J

@HIC4Y = CUMULATIVE HEAT INPUT FOR CYCLE, J
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106
187
208

11
114.
115,
116,
117
116,
119;
120,
121,

{29

[

g0

S
124,
135,

126

12r.
128

129

158,
131

132,

135
134
135
13e
157
1.8
e

140,
144

4

N

144
145
140
CH
148
140
150
IR
15
Lol
154
15

1%y

P N e L e e i kel s R R R Rk i i S

= s T P e T T (T €

K]

Dt o B e W e

P 'S o B o)

R 2t Rt S )

(aat]

Q4 = QUTPUT FLAG, 1=FULL OUTPUT 2=QUICK RUN
R =834 J/G ML K
RAD = @. 817453 RADIANSADEGREE
RAF = RATIO OF AIR TO FUEL, G/G
RAL = KAF+L, GG
RC = RADIUS OF CRANK. M
RC2 = 2#RC
RE = REYNOLDS NUMBER
RF = ROLLING FRICTION, NEWTONS
RGE = RATIO OF GEARS, VEWICLE TRAVEL/REY, METERS
w = CP ~ CV
SPM = CRUISING SPEEL OF VEWICLE, M/'S
SPVD = VENMICLE SPEED DESIRED BY SCHEDULE, N/S
SPYL = SPEED OF VEHICLE AT BEGINNING OF TIME STEP. M/SEC
%% = CHECK TO ALLOW USER CHANCE TO STOP
ST = 1 TO CONTINUE, 2 TO STHART QVER
STN = STANTON NUMBER TIMES PRANDL NUMBER TO TWO THIRDS PQWER
Ti = RMBIENT AIR TEMPERATURE, K
TA = AVERAGE UF HEATER METAL TEMPERATURES: K
TRC = VEHICLE RCCELERATION TVIME, SEC
TAPH = THICKNESS OF PREHERTER PASSHGE. CM
TCR = DURATION OF STARTING MOTOR TORQUE, SEC
TGCi2, 4y = TEMPERATURE OF GRS IN COOLER. K
TGUSC2 4 = TEMPERATURE OF GRS IN COLD SPRCE AND [UCT, K
TCM(4) = TEMPERATURE OF COLD METAL IN COOLER,
TF = TIME INCREMENT FLR@a, O=DOUBLE INUREMENT, 1=NO CHANGE,
2=HALF INCREMENT
TGH(2, 4 = YEMPERATURE OF GRS IN HERTER, K
TGHS 2, 4 = TEMPERATURE OF GRS IN HOT SPRCE, W
TOR 2, 4% = TEMPERATURE OF GRS AT REGENERATOR MIDPOINT. N
THW = THICKNESS OF WIRE IN SUREENS UF REGENERATOR. CM
THMede = TEMPERRTURE OF HOF METRL IN HERTER. K
THMG = TEMPERATURE. HOT METAL oQAL. K
THU = ENGINE WHRM-UP TIME. <EC
TI0 = [DLE TIME AFTER URANKING, SEC
TINC2O» = INLET BURNER RIF NUDE TEMPERHTURES. ¢
TIL = THU+TCR
Tia = TIL+TID
TI2 = TIQ+THC
THMARH = THICMNESS OF METAL SEPRRATING EACH FLOW PRSSHGE, M
MRy = MIDPOINT TEMFERATURE OF REGHNERRTUR MATRIN. K
TNET = NET ENGINE. TOKUUE. N-M
T9TT = TOTAL SIMULHTION TiME. SEU
Tale 2 = FLUE GHS HODE TEMPERRTURES. I
TPE = TEMPERATURE. PROFORTIONAL BMNC TN HOU METHL. b
TP o INTERVHL BETHEEN PRINT QUTS. 5
Ty = TORQUE FROM EHCH PLoiune (0N TS FOSTTIVE. N-I
Tl - TUTHL THODGUHTED TORwuE, N-R
it TOTHL oHMFT TORGLIE. N-M
oV = TOROUE YEHICLE FUTS ON LNGIME. N-M
TRHY = HVEFAGE FEG METHL TEME. o
197 = STRRTING MOTOR TURULE. N-I

#Hou

Hou
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[ © TT = CHECK TO DETERWINE WHEN POINTS SHOULD BE PLOTTED
53 € TWI = TEMPEPATURE, WATER INLET, K
(G THD = TEMPERRTURE OF COOLING WATER, K
WL [ URPH = HERT TRANSFER COEFF. RIR O METAL IN RIR PRENEATER, W/CH2 K
lee (UM = HERT TRANSFER CIEFF. FLUE GRS TO GRS HERTER METAL, W/CHZ K
) 0 U s uvey
o 1id L WAE = YOLUME OF RIR IN BURNER, CU CH
» o WFride = VOLUME. COLD, ADIRBRTIC, STRRT AND END OF TIME STEP
e © VIR = VOLUMES OF GRS CRIGINALLY IN ADIABATIE COLD SPACE
by T RFTER VOLUME CHRANGE, CAI CM
" @ C VDR = YOLUME, ADIRBATIC COLD DEAD, CU CH
169 € VOD = YOLUME, TSOTHERMAL CULD DERD. CU CM
byl s VOLUMES OF GRS ORIGINALLY IN GRS COOLER AND
: Lo ISATRERMAL FART OF COLD DUCT AFTER VOLUME CHANGE
” Lo C VOOi = VOLUME. COLD DERD NOT IN GRS COOLER. CU CH
5 L 0 VNino 4) = YOLUME, HOT. ADIRBRTIC, STRRT AND END OF TIME STER
3 v 0 UMAL 4+ = VOLUHES OF GRS ORIGINALLY IN HOT RDIABATIC SPACE
- wex AFTER VOLUME CHRNGE, GV C
: Lo 0 yHD = VOLUME, HOT CERD. (RSSUMED ISOTHERMAL, CU CH
4 Lo f yHDL4e = VOLUMES OF GRS DRIGINALLY IN HOT CERD SPACE RFTER
§ st VOLUME LHANGE, U CM
5 2 ¢ YHUh = ESTRR HOT VOLUME BESIDES THAT IN THE GRS HERTER,
L T CU CM, INCLUCES ENG CLEARENCE. GRP ARQUND HOT CAP
> IR GHD MANTFOLD FSSUIT - AT HOT METAL TEMPERRTURE
=, e . 4RO s VOLUME, PEGENERRTOR Li Al PEP CYLINDER, CU CH
~ L F WRDLedr = VOLUMES OF GRS UPIGINALLY IN REGEKERRTOR RFTER VOLUME
2 Y CHANGE. CU CM
o 15 JTei 4r = TOTAL GRS VOLUMES AT STRRT AND END OF TIME STEP. CU CH
» e ¢ yTD = TOTHL DEFD YOLUME, CU M
= L~ 1 WAEW = WIDTH OF ERCH AIR PREHERTEF FRSSAGE. (N
& leh © Wfec = MASS IN ADIRBRTIC COLD SPRCE AT START AND END: G :
- L Milro4r = HASS IN TSOTHERWAL COLD SPRCE RT START AN END: G
] Y ¢ Moo = MASS IN ACIRBRTIC HOT SPRCES AT STRRT AND END i
2) Uit 0 WHDnZ 4 s TRSE IN HOT DERD SPRCE. G
' e W - WHSS OF FEGENERRTOR brts WOYING INTO COOLER ©

Lo ﬁ WEDo o4 = MASS IN PEGEN  LERD SPACE AT START AND ENB. G
JRE I WRH = MASS OF REGENERATOR GHS MOVING INTO HERTER. O

159G w = TEMPORARY VRRIAELE
1 GRS LR

{

L

L B oo LR - L

14 W= R OM }
|
[}
|

L g s ULD. HEW WOLUME RRTIC
S )= ENGINE SPRACINGS N 4 CYLINDEF MACHINE
Ml w ! " .o " "
NS 3 I " ;
Nt N " 1
REYC I ST S T WU AL SOk HIFE FLUM THRUDGH FREHEATER '
MLy 1. Yoo TEMFURHRY WHR TRELE
L T W - TEMPURARY YRRTAGLE
M T os TUHy ok eire JHD PLOTE. L FUM M & FuR HE. 2 FOR HIF
ML coow TEMPURHEY UHRTHELE
e veads STHRT OF ERUOGEFHN tretd
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210
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el
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w45
wlt
Wit
Rt
ol
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Cotul .

AN
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a0

el
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Cadie
[RST'S
[
aad
239

t..‘t‘

. anq

St

208

ad
240
o4l
o4

o4

244

245,

246
247
248

KD

250

Pl

25,

293
54
205
<9
e
<38
239
260
a6l

)
abe .

DIMENSTON THR S o TOMOd 0, TOH 2 o 0 TGEGR, ooy TINEGO .
1RO TAUC e THR o BHT g, TR g
INTERER 04, 5T
FEAL LH: LR L MINE G0 LRPH LHH, LHY. UK
Lo INITIAL OPERATING CONDITIONS
PRTR THMG, TREL DT BRFO, A28 200, 00 S, 08 o)
CATH LRV FEFS YRES FAF TRPOCHed28 0 10 20 o L6 9%, 1
UATH PR OCPEG TL TTTOTOTT L G0 1 20, 00w L 2on |
[ATH THUL NG N, HREQL QL0200 5 20, 000 LI, |+ 0,
( ENGINE DIMENSTONS
UATH DCY. DORMONS L0 L6 4 e, 0,
OHTE VHDW DIHCLH RTHLL S900 450 dL a8 Ly
DRTA NR, DR LRVFFA6 D S 2 % &
CHTH DOH LHH THRPH, . 640, 2% 52, 4
DRATA LAFK. WRFH. TRFH NAFRL6 L 5 4 20000,
L LATA CONSTRNTS
CRATR PI4 PL PLZ RADG BB 7SS 5 LAL58. 1 So0om O et o L
DRTA J.RGE:'S. . S,
4 WRITECT L
Y FORMAT G0 0 T00 T, 0 a GFEFATING CONDITIONS BY NUMEER
IDUIEE SN MR VIR T RN S
WRITE L 12 v THMG TREL T4 0T FEFL THUL RO HREC, TTT. YOTT

—

1 FORMHT ¢ 0L o FS L0 4 028 R 20 b by T 4 F
O O 11 5 U N R LA St T St

S - AR 25 URNY - I PR O
WRTTEJ. 14 1000 TR QNG 5N, GN. BN GRG GN GNL BN
14 FORMATY ¢ L1 1SS & L8 0F9 000 b L. L F9 7T 6 Ld oF
1 MR SNE T S R IS TR N DS -1 R S TR - RN
Y - TR Y o AR
WRITELJ, 20 1LAPH, KAPH. NAPH, TNHFH THFH. FRF. DOH, DTH: LR, NTH
< FURMATY - & ENUINE {'IMENS IONw N VR B S VR ST NS TR

1721 F9 50 4 22 0 F8 &3 ;Iax.m. LASC I o IR A I
B R RPN - AT -F943» O8RS S MR L e
LIS AN »
NRITE\J;~ LR FF. NS, MSH. GN. GN. GN. GN, GN, GN
&8 FORMATC + 31 .F9 3, 4 22 .F9 3 LB b P A S A
' DOFS Loo4 Y e Fa T s Fa 3, ) TR

o b=

F@ 30 ¢ 4@, Fa 3+

WRITELT, 28>

&8 FORMATL P10 % 00 T SRASSSREN o L2 TYPE 48 T ENDC . 55
1 TYPE 49 TO ESECUTE NEW CHSE O

RERDWS, 38117, 0Q

B FORMAT [2 &6 PR &
IF JIT=9045, 45, 38
:8 IFUIE-19047, 47, 2w
39 IF IT-29)49, 49, 40
40 IF IT-29980, 50, 81
49 GO TO (5354, 95, 56, 57 58059, 60, 610, 47
47 ANES R
GO TO B2 62, 64 65 66 BT 68, 69, 70 T I
49 Jr=iv-19
oo IU \1;1;‘: ' ‘I ' ot-“??' :L T“.‘ﬁ-’i’«t‘élh '?
50 Jo=1r-29

140

5o
g ©
0
<.




- 263 GO TO (82,83, 84, B85, 85, 87, 88, 89, 98, 91, J7. v o e e e
| 264: 51 JPaJ7-39

265 G0 TO (92,93, 94, 95, 96, 97, 98, 93, 100, 101, J7
266 53 THMG=Q0
267 GoTo9
268: U4 TPB=GQ
269" GOTOS

. 270; 55 T1=00

3 21 GOTOS

. 272: 56 DT=00

. 73 GOTOS

, 274: 57 FFF=0Q

, s GOTOS

» ' 276: S8 THU=GQ

) 277 GOTO9
278; 59 NO=00

) 279: GOTO9

| 289 60 HREQ=0Q

g 281: G0T09
282: 61 TIT=00
283: GOT09
284: 62 TOTT=00
265 GOTOS
286: 63 01=00

| 287: GOT09

’L 288: 64 1PO=0Q

D 289 G0T09
290: 65 GN=0Q
291, G0TO9
202: 66 GN=00
293, GOTO9
294: 67 GN=0Q
295: G0T09
29, 68 GN=00
297, GOTO9
298: 69 GN=6Q
299 GOTOS
300, 7 GN=00
301, goToa
82 7 GN=00
303 GOTOS
4 72 =00
305, GOTOR
306 73 LAPH=0Q
307 GOTO9
8. N WAPH=0Q
309 GOTOS
30, 75 NAPH=0Q
M1 GOTO9
M2 6 THAPH=QQ
M3 GOTO9
M4 77 TAPH=0Q
315 GOTOS

111
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316,
37
318,
R
320:
ES
kb

o
¥
3

T8 0.0 L3 0 33 )
s T3 O £33 B Do PO
Y'JP&?D@‘JO?{.Q*

T8 s LT

I EARARA

l»i [WEYSEWRIS RV IR TUR S,
3

]
)

P2

340,
41
M2,
343
e
48,
e

47
g

48,

g

351
w652
e

S da

54

385

3%

5

58

6l
BN

R

MY

s
nt

B

EE

0 51 S W

o
338
359,

50,
60,

b RAF =66

GOTOS
79 DOH=0G
GOTO9
an DIHAGG
GoT0Y
81 LHH=00
BROTO9
8 NTH=08
GOT0S
-1 LR=GR
(0709
84 FF =i
GOTO9
[ N3=Q0Q
GOTOS
86 MEH=0Q
GOTOS
er GN=08
GoToa
8e GN=Q
GOTO9
89 GN=GQ
GOTOR
a0 GR=00
GOTOS
M GN=Q
GOTOY
a2 GN=0
GOTO
a3 GN=R0!
GOTOS
g GN=Q1
GOTOR
Rk ON=Q1
GOTOY
A GN=00
GATOA
ar GN=QG
GOTOe
ag GN=D
GATOA
393 GN=0Q
OIS

100 GATOSHE
1ol CONTTHUE
IFoRL OE. LYNRITECZ, 1550

195 FORMAT:  TIME.SEC: HT TUBE b+ FUEL FLOWMG/SY  HERT REW RS

1 . BUPNEF EFF.  HPH MET NODE  BPH HT BRLL
o oveeberiad BURNER INTTIRLICHTION teatdstss
[ oo I=1 MO
R EavlieTl
L HEAT CREACITY OF ATF FREHEATER METAL AoaUMING STEEL WITH

144




69 0 % a0 1CU O b HERT CAPRCITY

~oa CHAPHSLAPHAWAPHS 2. #HAPHY THAPHE2. &
L0 FLOW ARER TN FREHEHTER

e AFAPH=HAPHY TRFHENAFH

S0 0 HEART TRANSFER CONSTENTS

] FALFAF+4

- CaCPFGIRAL

R PEOR +HAPHTAPH  WAPHY TRFH)

o LOYSLAPHEWARPH ¢ sHAPH N )

08 ) PP W LR I

oo CYCPARAEF $NU, ' CHAPH

il LhaL P HAWAPHE S, SNHFHS CHORRAF 4 CPR

Ll 1YY'ar, 2 e HGL U HARH

S FUEL=0

S0 L MINTMUM FLOW ARRR FOR FLUE GHS THRULIGH GRS HEATER
S FME L OHA LHHENTH 2

_E% U HEAT TRANSFER AREA TO FLANE FOF COMPLETE ENGINE
R AH=HME 4248

0T 0 HEAT CAPACITY OF GRS HEATER FOR ONE CYLINDER
s LHHad TLePTd4  DOHes o -0 THb 20 LHHENTH
SR 0 INITIALIZE CUMULATIVE HEAT IhPUT

A L gad 1al.d

2l THH L 0T g

Lar e UHLGT e

RN DE =1

oAy T2

Jay TIM=0

oo CALL CLERF

i [1=51c

R | RS UIAN

A T1=25

S0 Ja=TA0

RN LHLL WECTOR 1L, Lo Tas Jen
0. Ti=n

40 Ja=0

did CHLL WED TaRe J10 11 Lo 3
4% plalnas

BT 1laria

Sk CALL YECTORCIZ 320 11 10
RINE le=Sle

RIS Ja=Pya

1 LHLL CECTOR 1L T e T
4l l=%ic

41 =0

410 CHLL VECTOR [C o T )
414 =780

4 PP S

4 {my sy I=1.11

iy [T NIRR R NPT

i fo-il

df- 0 Tun CALL QECTURCTL ML T2 10
o0 e =t o

O~ ="
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44
A,

ded
T
Helt
ey
40
4
41
4.4

o
4.
424

L 4i$;
h 43&.

). 450
4.9
L2}
4

443
4
{ 447
~ 440
443
450

452

4560

438,

) 44

445
> 6

491

455
454,
y 455

4587
458
453
468
d81,
462
463
d6d
465
466
467
463
469

o
471
472
473,

Frxy

TIN‘.L n.:”.
kbbbt t GRS HEATER MARM UF 44 ba4 044
i THa=TIN T
VA= R Lo TH 2ot THIC D v THI A 04
( TCHPEFATURE EFFOR « FOR CONTE DL
TETHML - Th
L LUPRENT FLEL FLaw
TF Y TR o5, 4, B,
Ry CEF =0 OLvFFr
QT
dhie TE o TR-TRE 0. 4007 gy’
Jey LFR-FFF
GOTOdS
00 LEEFFFRCTE ' TRE
404 CONTINUE
FUEL=FLEL +CFF+0T
. HEAT TRANSFER THLCULATION
L RIR TEMPERATURES
{ HEAT TRANSFER COEFFICIENT
GHPHCFF $RHF . HFRPH
RE=DEQ4GHFH 256010
CALL STHNTHRE, STN
waURKESTNSGRAPHE L, 18/CFF
IFC32 =428, 428, 425
420 D0 dee 1=10NR
4o TINCI#L o=l 10
G TO J4e8
2 HeE PR
DO 427 T=LND
ar TINCI#L s=En Ty = ENCT=TINT 200
428 CONTINUE
[ BDIUST HEAT EWCHANGER METAL TEMPERRTURE:
SN=CYCFF40T
00 420 I=1, N0
430 EXCTraERCLy=RaC TINCT 4L 0-TINCE vy
FLRAME=T INCNO+ 140 T2
¢ HERT FLUKX TO ALL HERTERS
C QUTSIDE CONTROLLING HERT TRANSFER COEFFICIENT
UH=UOHACFE«RAL/ANF . 9006 440, S, G083/ DOH
433 N=UHAHH, (C2432, )
TECCFF 0455, 435, 4357
439 TIRCTH=THICDY
GOTO438
437 SR RTHMC Y CFLAME - THM T 0 /ERPUR* 32, ACFF )
438 CONT INUE
TOUCNO+L = TSRCLI$TIAC2I4TIRCO +LR(4 ) 4
C EXIT FLUE GRS TEMPERRTURES THROUGH RIR PREHERTER
C  HEAT TRANSFER COEFFICIENT. FLUE GRS SICE
GAPH=CFF* RAL)/RFAPH
RE=DEQHGAPH 2500
CALL STANTNCRE, STN
AaSTNHGAPH®L. 19%URY/CFF
TFCN=32. Y4dd, 440, 440

id6

Pt




76
4yt
477
406
400
BN
4
Wi
il
deid
435
4 iﬁtfn
v
4
440
)
444
EEN
43,
434
495
488
47
38
LR
RIS
S04
Sie
505
SRd
09
N
S0y

Sog .
09

5168

511
) g
S12
514
519

16

Siv.
916
518,
508
51
82,
523,
524 .
59
526

i {0 A4 f=1he
ST Tk JosEre ]
QUTOASS
A i M
Pldde 1=1. M0
YahD- 141
46 TaUe Ve DBl FeeTOU JeL o),
o FEARIUST AIF PREHEATER METAL TEMPERATURE
dis REIR T T
(0 490 1=l N
4ty Enclalie Dorl e TR T4 L =TOLCT ) )
{ TEMPERATURE EGUILTEBRATION FUOF VIME STEF WITH NO VOLUME CHANGE
€ ~=Ti) SHORTEN CRLCULRTION IT 15 ASSUMED THAT HEAT TRANSFER IN THE
[, HOT AND COLD SPACES 15 NON-EVISTANT AND THE HERT TRENSSCR
{ IN THE OTHEF SPREES 1S PERFECT
1IN GRS HERTERS
L BURNER HERTING
(0 489 sl d
OE-DTACSOLFF# FLAME-TIR(T Y 00
IFoan LT, aaGOTO485
CUMMULATIVE HEAT INPUT FOR £WCLE
QHIGT vaQHT T 48RER
L CHANGE IN TEMPERATURE OF HERATER METRL
ERR THMC L v THMO T s QE=QER 2 /CHH
BEF =€, ‘DT, CCFFLHY » 2430
11T TOTT 4500454 2
JMez 200 TR-328. 1+410
CARLL FOINT 1L 11
Jiz 204CES N =100+440
CALL POINT 1L JL
He 2o Enila-T00 14410
CRLL POINTCIL, TL
JL=CFR PR 250428
CHLL POINTOIL, JL»
JL=BEF+Z. 5420
CALL POINTYIL JO
[FCTIM=-TTYS20, 508, 505
TT=TT+TPO
HTRA=CPHARAF+TINCNO+L)=-TING))
HTF 2{ PFGARAL+C TOUCHO+L)-TOUCE )
IFCHTA LT, 99 )60T0S18
BAL=CHTAR~HTF 3 HTR+120.
GOTO512
S10 BAL =110,
512 WRITECS, SAPYTINCL), TINCNO+1)Y, EXCLY, EXCNOZY, EXCND)Y, FLAME,
L TOUCL), TOUCNO+L)
17 FORMAT (A7 0 F6, 0, 4K 28C %), F7. O/8X, %7, 18X, "%/ /8%, *4",
1 F4 0. 2F7. 0, %7, FL12 B8 "4, 18% "%, F6 0, 4%, 20C % Y, F7. @
WRITE(S, 518)BEF, BAL, CFF
518 FORMRTC BURN EFF-,FS, 4, ~ APH BAL ', F6. 4, 7 CFF",F?. 3
$=QEN/DT
IFCQL. GE. 1WRITEC2, S19)TIN, TR, CFF. %) BEF, EXCNO), BEL

e

wn
[
n
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her:
f28,;
529,

(¥

A0

XY
532.
8933,
G924
529
G,
537
538,
539
549,
Y41
542
543
S44 .

4%,

ok
S
w40

600
619

Ll

16

288
200

FORMATC < FB. 2 FL7. 4, F L4 4, aF L4 40
IFCTINM-THY 2480, 400, 546
QERGERHREGHBT /4.
IFCTIM GT. TOTTHGOTOEEH
THUSTHU+TTT

(0TO46E

READ(E, 61004
FURMATF48. 2

GoT09

STOP

END

SUBROUTINE STANTNCRE, STNY
1E(RE~-2000. 109, 160, 200
STN=EP 1, 6998~ 43E3IHALOGIRE )
G0TOse8

STN=ELP -4, 555~ 1003+ALOGCRE )
RETUEN

END
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APPERDTX B

SHART TORQUE GORRMLATION

Tho  "alt torgue 1o Lower than tho tndieatod torgue due Lo two trtetlon
lLonaeay mochanteal frietion and Flow Tonson Inntdo tho ongdne,  WMow
Tonpon ¢an bo endenlatod uning fiald mechanlen peinedplon, bul for tho
nitko ot steplletty, 1 owan destred Lo dortve o corvolation that would

”)‘ approximato enpdne low Lonn ol varrtoun speodn and working gas prosmnon,
N
' 000K Yo computor codo dovelopod by Martinl Bnginooeing (0) that eal.

) aulavon Flod Tonsos In the hoator, rogenorator and cooler of the 4123 onge
Ine ustog Tutd mechandlon prinelplos.  Tho program wan oxeeuntod 16 Linon,
- with tour presoures ranging teom 1. 389,00 Mo and four spoeods rangliug from
F‘ 3,43 to 3403 Hey o Tho rpation of not torque (Indicatod less the low 1(mnuu)

4 Lo Indleated torque wore plottod tor tho 1o casen and e shown in Mlgure
Bole The full taput and output of theose cases are given in Table B.i,

-
=3 Thowan netod that Lhe low Tonves tnerecasod with apoad and docrveaced with
' presoure, The of'foet of pressure on tho flow lons ineroasen wlith apeed,
- L wan aeaelded Lo use those two reladtonships Lo dotormine Lhe tlow lownse
7, corvelation,
'r_;{
2 1.00% : —$3.33 Hz
= —9 3 Hz
0
] 16 K
+95
o
=
&
«90
d —@:33 Hz
&
S
-

s
[ )
[#24

.80

2 4 6 8 10
PRESSURE, MPA

Fieaee Byl Torque Ratlo for Virlows Preassures and Spoeds,
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Tnblo B,

FULL INPUTS AND QUTPUTS FOR 1o GASES
UGED TO DERLIVE TORQUE QORRKTLATION

Nomonelaturo

dymbol - Moanlng and undty v e e e s o+ et e
aop Englno Spood, rpm
o Avorago Proncure, pnta
ND Numbor of dogroos in anglo ineroment
yy Invldo Hoater Tube Wall Tomporature, I
L1 Fraction of Total Gas Charge Leukiyte per MPaAP par socond
Y Inlot Coollng Water Temperatuco, I
X Cooling Water Flow gpm @ 2000 rpm per cylinder
0G Operating Guo, 1 - hydrogen, 2+ helium, 3 - alr
n Diamoter of engine cylinder, cm
DR Diametar of 1ogenerator, com
10 ID of cooler tubes, em
od 0D of cooler {ubos, cm
DW Dlametor of "wire" in rogencrators
DD Diwmeter of piston Drive Rod, om :
IH ID of Heater Tubes, om
OH Hoater Tube OD, cm
G Gap In hot cap, em = 0,5 cm f
1B Length of Hot Cap, om ‘
IR Length of Regenerator, cm !
CR Longth of Connecting Rod, om |
RC Crank Radius, om
Lc Length of cooler Tube, com ‘
LD Heat Transfer Longth of Coolor Tube, om
LH Heator Tute Longth, om ]
L1 Heater Tube Heat Tranofor Longth, om .
NG Number of' Coolor Tubos per Cylinder
Nk Number of Regenaratars per eylinder
N Numbar of Cylinders per Bngilne
NI Number of Heater Tubes por Cylinder
150




Tabde Be1 (continnoed)

mhol Momning and bty

e PL1Lor ractor, Lfraction of rogonorator volume f11llod with solld
AL Phaso Angle Alpha 90 dogroon

ot ey e <P 4 T o e 14 o s e miem e <R ¥S e o e e pmweangy i an

‘,—-——W
Lo
=
=
=
s
=
-
—

£old dond volumo ontnlde coolor Tubon, vm" (dotormined by .other
nput only)

Mi Mochanteal Btfietoney, %

Furnace Brrleioney, &

[
¢

-

Ploton End Clearance, om

TR NS NSO T . s T T E e
= e
s =

80 Wall Thicknooss of Hot Gap, om

Sh W21l Thicknoss of Bxpanslon Cylindoer Wall, om
] SR Wall Thickness of Ragonorator Houclng,cm
) 28 0 ror Specifiod Statle Conductlon, 1 for Calcwlatod Statle
] Conductlion

ZH Specifiled Statle Heat Conduction Loss, watts

Metal Tharmal Corductivity, w/em K

ﬁ m Inside DMamoeter of Connecting Duet, om

LE Length of Connecting Duct, om

NE Number of Comecting Ducts por Gylindor

Ri Bugger Factor to (onvert Power Qutputs to Nearly What GM Says

They Should Bo

161
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Tablo B.1 (eontd nued)

Input and Output Printoutn

ISOTHERMAL SECOND ORDER CALCULATION--

FROG. 1S0

@9 APR 158@
WRITTEN BY WILLIAM R, MRRTINI

CURRENT QOPERRTING CONDITIONS ARE:

SP= 288,08 Ps= 208.08 ND= 30.090 TF= 1200 04

Li= 00800 TY= 4350000 FX= 25 0080 0G= 1

CURRENT DIMENSIONS RRE:

DC= 18 1608 DR= 35880 IC= 1458 0C= 1670

D= . 80432 DD= 4.0600 IH= = 4728 OH= . 6400

G= . 04068 LB= 6.4888 LR= 2. 5008 CR= 13 €500

RC= 2325 LC= 42 %080 LD= 120200 LH= 41 8220

LI= 258808 NC= 312 NR= & N= 4

NN= 36 FF= 2808 Al= S0 B8 CX= 204, 2804

ME= 99.9080 FE= 80 QBe EC= adied  sC= . 98358

SE= 10168 SR= .951e8  22= | IH= 2le. 37

KM= .28 Ib= .7600 LE= VL0088 NE= &

BF= . 4800 8B=

PONER, WRTTS HERT REQUIREMENT. WALTS
BRSIC 1469, 2187 BRSIC 2438, 5757
HERTER F. L. . 9384  REHERY 47 4414
REGEN. F L. 74303 SHUTTLE 2056. 8794
COOLER F. L. . 8388 PUMPING 12134
NET 1460. @423 TEMP. SWING 41, 6411
MECH. FRIC. 146, 8043 CONDUCTICN 216, 3688
BRAKE 1314. 0111 FLOW FRIC. CREDIT -4, 6339

HERT TO ENGINE 4797, 4658

INDICATED EFF #= 30 4330 FURNACE LOSS 1199, 3663

OVERALL EFF. ¥= 21 9? FUEL INPUT 5996, 8320

HOT METRL TEMP. K= 922 222 COOLING MATER INCET TEMP. . K= 2330

'EFFEC. HOT SP TEMP K= 876 3427  EFFEC COLD SP TEWP K = 348 5838

- - - o 0 A o 48 > 48 PO B Lo D B . (S U S S VB D G e B e D e D e BB ST S A A G o O




Table B,1 (continuod)

Anput_and Qutput Printoutn

ISOTHERMAL SECOND ORDER CRLCULATION--
FROG. 150

U9 RAPR 1980

WRITTEN BY WILLIAM R. MARTINI

CURRENT OPERATING CONDITIONS RRE:

e 20008 Fss S0d. 08 ND= 30.60 TF= 1200 0@
Li= 00008 TY= 1350008 FX= 25,0000 0G= 1

LURRENT DIMENSIONS RRE:

b= 10 {680  DR= 3. %888  IC= 1158 2= . 1678
D= oq32 DD= 48608 IH= 4720 OH= . 6480
G= aqied  LB= 6 4080 LR= 2.9880 CR= 13 ¢S@@
RC= 2 3250 LC= 12,9808  LD= 12 0208 LH= 41 8090 |
LI= 255808 NC= 342 NR= & N= 4 {
HH= 36 FF= .2e08 A= 9800 CX= 254 2804
ME= 90 G0 FE= B0 Qa8 EC= 84868  SC= . 86350
SE= 10468 SR= asiee  Z8= 1 ZH= 285 81
AM= .o Ib= .vE08 LE= 71,0008 NE= 6
BF= 4038  BB=
POWER: WRTTS HERT REQUIREMENT. WATTS
BREIC 30386177 BRSIC 6026, 3458
HERTER F. L 13498 REHERT 128, 7603
REGEN. F L. 8 3425 SHUTTLE 1948 2241
CQOLER F L. 1 3414 PUMPING S 1vi4
NET 3519, 5852 TEMP. SWING 252 7231
MECH FRIC 3819586 CONDUCTION 205, 9124 ;
BRAKE 367 6de?  FLON FRIC. CREDIT =5, S22 ‘
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ HERT TO ENGINE D054, 8117
INDIURTED EFF 4= 41 1454 FURNRCE LOSS 2138, Sazd
UVERRLL EFF &= 29 8247 FUEL INFUT 18e92. 5437

S e 090 o ) 0 S0 G 8 A s L ke A0 6 W e Gt S0 B s S e s B i S0 G e Bk 4P b O St A S e 0 b e

HOT METHL TEMP K= 922 2222 COOLING WRTER INLET TEMP . K= 33@. 5559
EFFEC HOT SP TEMP K= 853 vesd4  EFFEC COLD SPTEMP K. = 353 9690

e i sk b D e (kG e M (e e e W T e e e e B S e e R S U e > S S 8 B A B B S S e . .
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Table B.1 (continuoed)

Input and Output Printouts

1SOTHERMAL SECOND ORDER CRLCULRTION--
PROG, 150

@9 APR 1980

WRITTEN BY WMILLIAM R. MARTINI

CURRENT OPERATING CONDITIONS ARE:

SP= 200,98 PS= 1600.08 ND= 30.00 TF= 4268 ¥0
Li= ©2008 Ty= 4350088 Fx= 25 00AR. 0G= 1

CURRENT DIMENSIONS ARE:

DC= 10,4606 DR=  3.5000 IC= . 1150 OC= . 1670
D= ,@9432 DD=  4.0608 IH= . 4728 (OH= . 6400
Ge 04960 LB=  6.4800 LR= 2.5068 CR= 13 €508
RC= 23250 LC= 42 9008 LD= 12 0200 LH= 41, Sedo
LI= 255808 NC= 312 NR= € N= 4
NH= 36 FF= , 2000 AL= 99,08 C(X= 204 2804
ME= 90.0008 FE= 809200 EC= . 04968  SC= . 86350
SE= . 16168 SR= . 95168 22= 1 ZH=  189.61
KM= . 2088 1D= 76080 LE= 710000 NE= 6
BF= . 4000  BB=
POWER, WRTTS HEAT REQUIREMENT, WRTTS
r BRSIC €518, 2824  BRSIC 117€8. 6221
HEATER F. L. 2.3809  REHERT 235, 2546
REGEN. F. L. 9.8929 SHUTTLE 1764. 4348
COOLER F. L. 2.43%4  PUMPING 15. 1443
) NET 6502. 4893  TEMP. SWING 950. 1328
MECH. FRIC. 650. 3494  CONDUCTION 185. 6857
BRAKE 5853. 4406  FLOW FRIC. CREDIT -7. 3273
HERT TO ENGINE 14911, 8633
INDICATED EFF. %= 43 6128 FURNRCE LOSS 3727 9658
OVERALL EFF. %= 31 4013 FUEL INPUT 18639, 8281

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP., K= 338 5535
EFFEC. HOT SP. TEMP. K= 18 2188  EFFEC. COLD SP. TEMP. K. = 364, 9307

1hH4
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Tablo B.1 (Gontiunod)

Input and Outp put, Printonta

150THERMAL SECOND ORDER CALEULATION--

PROG. 150
a9 APR 199

WRITTEN BY WILLIAM R MARTINI

CURRENT OPERATING CONDITIONS ARE:
tp= 20008 PS= 1490, 08  ND= 20.60 TF= 1200
Li= o 0ead  Tys 135 0060 Fx= 25 0000 0G=1

CURRENT DIMENSIONS ARE.

ad

pC= 18, 16008 DR= 3 S00@  IC= .145¢  0OC= 1678
(= padze D= 4. 0608 IH= 4728 QOH= . 6480
G= p4deR  LB= €. 4000 LR= 2. 5088 CR= 13, 6500
RC= 2,320 LC= {2 9gad LD= 12 @200 LH= 41, 6000
L]= 25.5888 NC= 312 NR= & N= 4
NH= 36 FF= a8  AL= 90, 0@ C= 254, 2804
ME= 90.00880 FE= g0, 0008  EC= .@4060  SC= . 863%¢
Sk= 10168  SR= .@s1e9 22= 1 = 176.30
KM= .2e00 1D= 7600 LEs 71,0008 NE= 6
BF= . 4008  BB=
POKER, WRTTS HEAT REQUIREMENT, WATTS
BRSIC 8790, 2656  BRSIC 16314, 7042
HERTER F. L. 3.3724  REHEAT 324, 3781
REGEN. F. L. 11. 2076  SHUTTLE 1676. 0465
COOLER F. L. 3.3873 PUMPING 25. 4798
NET g772 2988  TEMP. SWING 1808, 3681
MECH. FRIC. 877, 2388  CONDUCTION 176. 3041
BRAKE 7895. 0693  FLOW FRIC. CREDIT -8, 9799
---------- - —mwmm-= HERT TO ENGINE 20312. 2480
INDICRTED EFF. 4= 43.18% FURNACE LOSS 5078. 3115
QVERALL EFF. ¥= 340933 FUEL INPUT 25394, 5586
HOT METAL TEMP. K= 922. 2222 COOLING WATER INLEY TEMP., K= 3385558
798 3884  EFFEE. COLD Sp. TEMP. K. = 368. 2829

EFFEC. HOT SP. TEMP. K=
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Tablo B,1 (continned)

Input_and Output Printouts

ISOTHERMAL SECOND ORDER CALCULATION--
PROG. 150
99 RPR 1980

WRITTEN BY WILLIAM R. MARTINI
CURRENT OPERRTING CONDITIONS ARE:

SP= 500.00 PS= 20000 ND= 30,88 TF= 1200 90
Li=  Q.0000 Ty= 4350000 FN= 250000 0G= 1

CURRENT DIMENSIONS RRE

0C= 10 460@ DR= 35088 IC= S50 QU= leva

D= Q8432 D= 4. 8598 IH= . 4728 QK= . 6400

G= 04068 LB= 6 4800 LR= 2. 5888 CR= 13 éS00

RC= € 3200 LC= 129280 LD= 12 0200 LH= 41 3000

LI= 25.589@ NO= 342 NR= & N= ¢

NH= 36 FF= . 28088 AlL= 98.08  CX= 254, 2804

ME= 90 9000 FE= 98 Q00 EC= . 04068  SC= . 88358

SE= 10468 SR= cesie@ 2= 4 ZH= 205 71

KM= L2089 ID= V688 LE= 71 0080 NE= & :

BF = 4000  BB=

PONER, WRTTS HERT REQUIREMENT. WATTS
BRSIC 3344, 0508 BRSIC 6032 8877
HERTER F L 8. 4157  REHERT 124, 85S¢
REGEN. F. L 32,8297 SHUTTLE 1988, 8528
COOLER F. L 8 3634 PUMPING 9 1eve
NET 3472 2361 TEMP. SHING 104 3289
MECH. FRIC. 347 2237 CONDUCTION 2685 7899
BRAKE 3135 048§ FLOW FRIC CREDIT =34, 4308

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ HERT TO ENGINE B3I87. 2803

INDICHTED EFF. ¥= 44, 3988 FURNRCE LOSS 2096, 8138

OVERALL EFF = 29 8ove FUEL INPUT 18484, @938

HOT METRL TEMP K= 922 2200 COOLING WATER INLET TEMP . K= 330 S55%

EFFEC. HOT SP TEMP. k= 954 9666  EFFEC. COLD SP. TEMP K. = 3593 4785

...........-....—..........._~.—..,-....-._«-----.4.-..._———-.--..-.--.-m.....__-.......—_—u
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Table B .1 (continued). . . v oonn

Input and Output Printouta

ISOTHERMAL SECOND ORDER CALCULAT1ON-~
PROG. IS0

09 RPR 1990

WRITTEN BY WILLIAM R MARTINI

CURRENT QPERATING CONDITIONS HRE:
SP= 500.60 PS=  S0B.08 NOs 30.80 TFs 4200, 00
Ll 00080 TY= 435 0000 FXs 25,0006 0G= 4

CURRENT DIMENSIONS ARE:
DC= 101688 DR=  2.5886 1IC= 4450 Qe 1670
D= 00432 DD=  4.0600 IH= 4720 M= c4cn

U= . 040260 LB= 64800 LR= 25008 CRs 13. 6508
RC= 23258 LC= 42 9000 (D= 12.9288  LH= 44 soew
Li= 25,5880 NC= 342 NR= 6 Ne ¢

NH= 3¢ FF= . 2808 AL= 99.80 CX=. 254, 2504
ME= 90 8008 FE= 80 GOED EC= . 84060 SC= | @e3%6

SE= 10460 SR=  @Ste0 22 i ZH= 189, 37
KM= L2008 Ib= - 7600 LE= 74 vowe NE= 6 ...
BF= 4060  BB= .

PONER, WATTS HEAT REQUIREMENT, WATTS ‘
ERSIC 7939, 3304  BASIC 14640, 6025
HERTER F. L. 187768  REHERT 292 @v14 ..
REGEN. F. L 66, 9388  SHUTTLE 1714, 6409
COOLER F. L. 13,9975  PUMPING 24, 4229
NET 7894. 6260  TEMP. SWING 984, 8383
MECH. FRIC, 7894628  CONDUCTION 150, 3678
BRAKE 718% 1636  FLOW FRIC. CREDIT -52. 2448

- HEAT TO ENGINE 17384, 7942

INDICRTED EFF. %= 45, 4192 FURNRCE LOSS 4345 424

QVERALL EFF. %= 32 7018 FUEL INPUT 21727, 1250

LR TR - -

HOT METRL TEMP. K= 922 2220 COOLING WATER INLET TEMP., Ke 330, 5585

EFFEC-HOT SP. TEMP. Ka 80& 0847 EFFEC-COLD SP. TEMP. K. = 365, 5099




3 Tablo B,1 (continued)

Input_and Output Preintoutn

ISOTHERMAL SECOND ORCER CRLCULRTTON--
PROG, 150

99 APR 1980

WRITTEN BY WILLIAM R MARTINI

CURRENT CPERATING CONODITIONS ARE:

SPa 500. 09 PSe 1000, 00 ND= 30,00 TFe 1268 @A
Li= 00000 Ty= 1350000 FX= 6 @008 0G= 4

CURRENT DIMENSIONS ARE:

0C= 18 1606 OR= 3. 5eea ICe . 1158 0C= . 167@

DW= . 00432  DD= 4.0608 IH= 4728 OH= . 6400

G= . 04068  LB= 6 4003 LR= 2.5083 CR= 13 6580

RC= 23250 L= 42 9908 LD= 12,0200 LH= 41 8900 ]

LI=  25.5808 NC= 312 NR= 6 N= 4

NH= 36 FF= .280@  AL= 90, 43 CX= 254, 2804

ME= 90,0000 FE= 80 0208 EC= . B4060  SC= . 98358

SE= . 10460 SR= Q5100 2= 1 Zh= 195, 95

KM= 2008  1D= 7600 LE= 71 0080 NE=. ©.

BF= . 4098 BB=

POKER: WRTTS HERT REQUIREMENT, WRTTS
BRSIC 17491, 9375 BASIC 29910, 8047
HERTER F. L. 34,2715 REHERT 641, 8933
REGEN. F. L. 85. 3313  SHUTTLE 1862. 7862
COOLER F. L. 34,9928 PUMPING 66. 686
NET 17037, 2437 TEMP. SWING 2478, 5483
MECH. FRIC. 1783, 7346 CONDUCTION 195, 9516
BRAKE 15333, 6894  FLOW FRIC. CREDIT -76, 9372

HERT TO ENGINE 35076, 6323
INDICATED EFF. %= 48 §747 FURNACE LOSS 8769, 1621
OVERRLL EFF. %= 34 9747 FUEL INPUT 43845, 8125

HOT METRL TEMP. K= 922 2222 COOLING WATER INLET TEMP., K= 330.55335 f
EFFEC. HOT SP. TEMP. K= 832 8246  EFFEC. COLD SP. TEMP. K. = 353, 8192




Table B,1 {continued)

Input and Output Printouts

LEOTHERMAL SECOND ORDER CALCULATION--
PROG. 1S

09 APR 1940

HPITTEN BY WILLIAM R MARTINI

CURKENT OPERATING CONDITIONS ARE:
GPe SO0 G0 PSe 1400, 08 NDo 30,08 TFs 1208 90
Lis  © 9g06 Tys 4350000 FXo 290068 OG- 1

CURRENT DIMENSIONS FRE:

DC=  10. 4608 OR= 3. %000 ICe= 1158 (Cs .leva
Did= @422 D= 4. 0600 IHs 4720  QOMs . 6400
= 04060 LB= 6. 4000 LRs 29080 CR= 43 6500
RG= o 3250 LC= 12,9000 LD= 126208 L= 41, 600d

Li= 259800 NC= 342 NR= € Ne 4

NH= 36 FFe . 2008 AL= 90,99 CX= 254, 2804

ME= 900000 FE= 00 0000 ECe @468 SC= . 86350

GE= . 48168 SR= . @S100 22= 1 ZH= 201 @8

KM= 2oud  10= 7600 LE= 71.0088 NE= 6

BF= 4000 BB=

POMEL, WATTS . HEHT REQUIREMENT, WATTS
BRSIC 24448, 1367  BASIC 42064, 4766
HERTER F. L. 45. 4336 REHEAT 933, 3538
REGEN. F. L. 98, 8558  SHUTTLE 1914, 5562
COOLER F. L. 46.5841 PIMPING 114. 9268
NET 24257, 3457  TEMP. SWING 4924, 7031
MECH. FRIC. 2425, 7354  CONDUCTION 204, 0818
BRAKE 21831, 6143  FLOW FRIC. CREDIT -94, 8611

HEAT TO ENGIKE 50053, 2385
INDICRTED EFF. %= 48, 4642 FURNACE LOSS 12543, 8066
OVERALL EFF. %=  34. 8926 FUEL INPUT 62569, 8342

HOT METRL TEMP. K= 922 2222 COOLING WRTER INLET TEMP., K= 330, 5559
EFFEC. HOT SP. TEMP. K= 844 6649  EFFEC. COLD SP. TEMP.K. = 353, 6819
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Table B,1 (continued)

Input and Output Printouts

‘ 1S0THERMAL SECOND ORDER CALCULATION--
' PROG. IS0

@9 APR 1960
KRITTEN BY WILLIAM R, MARTINI

Y

ST

: CURRENT OPERATING CONDITIONS ARE;
s SP= 109000 o~ 208 @@ NDe 30.80 TFe 1200, 00
Li=  9.0080 Tvya 435 @888 FXo 25,8000 OG= 4

\ CURRENT DIMENSIONS FARE:

, OC= 10.4600 OR= 3 C@@@ IC= 1158 OC= . 1678
A D= . 08432 DD= 4. 0688 IHo 4728 (QHe= . 6409
‘ Ge= 84060 LB=  6,4000 LR=  2.5000 CR= 436500
RC= 23299 LC= 12,9800 LD= 42 6200 LH= 41 8000

LI= 255800 NC= 342 NRz & N- 4
h NH= 36 FF= . 2008 HALe 99,00 (X= 204, 2604
L ME= 90 0008 FE= 80 0800 EC= . fdesy SC= . BE3%0
Sk= . 49168 SR=  @%M@0 2= 1 ZH= 188 &7

KM= 2088 1D= 7688, LE= 71,0000 NE= 6
BF= . 4008  BB=

POMER: WRTTS HEAT REQUIREMENT, WRTTS
BASIC 6609, 6887  BRSIC 11817 £a9¢
HERTER F. L. 59, 6550  REHERT a37. 8728
REGEN. F. L. 245, 4482 SHUTTLE 1793, 6062
COOLER F. L. 60. 7234 PUMPING 15, 2z88
NET 6244. 4546 TEMP. SWING 192, vee?
MECH. FRIC. 624, 4456  CONDUCTION 188, 6743
BRAKE 5620, 0093  FLUN FRIC. CREDIT ~181, 779 '
: - HERT 10 ENGINE 14062, 8877 i
INDICRTED EFF. %= 44, 4938 FURNACE LOSS 3518, 7249
OVERALL EFF. 4= 31, 979 FUEL INPUT 17578, 6094

HOT METAL TEMF, K= 922 2d2 COOLING WRTER INLET TEMP. ., K= 332 S8G% f
EFFEC. HOT SP. TEMP. K= 823 8007  EFFEC. COLD SP. TEMF. K = 362 7874

- -
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Table B,1 (continued)

Input, and Output Printouts

[SOTHERMAL SECOND ORDER CALCULATION--
PROG 160

09 APR 1980

MRITTEN BY WILLIAM R MARTINI

CURRENT OFERRTING CONDITIONS RRE.

aFr 1000 88 PSe 500.00 NDo 30,00 TF- 1200 @8
Lim W AReA  TYs 4135 0000 FXe 20,0028  0G= 1

CURKENT DIMENSIONS FRE:

(= 10 1680 DR= I %@ ICe 4158 OC= . 1670

(= 0432 DD= 4 0608 IR L4720 (W= . 6400

be 04l Lie 6. 4008  LR= 2. 5000 CR= 436500

RCe ooaen LC= 129000 LD= 12 G288 LHe 41, 8eaad

Lle 25 5800 NC= 342 NR= & N= 4

NH= 36 FF= 2ead  ALe 90. 80 CXe 254, 2804

ME= 99 Ga0W  FE= 60 0000  EC= . 040960 SC= . 86230

Sk= 10168 SR= o518 2= L 2H= 197. 98

K= qoul D= Te0g  LEs 719908 NE= 6

BF= doee  Bbe

FOWER, WATYS HERT REQUIREMENT. WRTTS
ERSIC 7336, 1367 BRSIC 29987, 6992
HERTER F. L. 136 4990 REHEAT 646, 2640
REGEN. F L. 139, 8281 SHUTTLE 1881, 3140
COOLER F. L. 139 %54%  PUMPING 66, 8823
KET 16720, 3457 TEMP. SWING 245, 6926
MECH. FRIC. 1672 @248 CONDUCTION 197, 9006
BRAKE 15048, 312%  FLOW FRIC. CRECIT -306, 3230

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ HERT TO ENGINE 33719, 3934

INDICATED EFF. %= 49 5867 FURNHCE L0DSS 8429, 8496

UVERHLL EFF W= 35 7024 FUEL INPUT 42149, 2422

HOT METHL TEMP k= 922 2o COOLING WATER INLET TEMP., K= 33@ 5550

EFFEC. HOT SP.TEMP k= 836 1583 EFEEC COLD SP.TEMP. K. = 382 5077

..s-..---A-u-n-u——mmu-u--—;-h-“---nun--un-ogaa---&-uu---—n-u‘-
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Table B,1 (continued)

Input and Output Printouts

O ISOTHERMAL SECOND ORDER CRALCULATION--
: PROG. 180
@9 APR 1980
WRITTEN BY WILLIAM R MARTINI

CLIRRENT OPERATING CONDITIONS ARE:
SP= 100060 PS= 4000.08 ND= 30.00 TF= 120068
Li= ©0.0088 Ty= 4350080 Fx= 250000 OG=14

CURRENT DIMENSIONS ARE:

DC= 18,4686 DOR=  3.5000 IC= .1458 0OC= . 1676
DW=  .08432 DD=  4.8608 IH= . 4728  OH= . 64080
G= .04060 LB=  6.4686 IR=  2.5000 CR= 413 6500
RC=  2.3258 LC= 1230080 LD= 12,0280 LH= 44 0009

LI= 25.5888 NC= 312 NR= 6 Ne 4
- NH= 36 FF= .20e8  AlL= 98,68 CX= 294, 2804
ME= 90.00080 FE= ©0 0008 EC= . 04068 SC= . ©6350
d SE=  .48160 SR= . @5168 22= 1 ZH= 201, 67
KM= .20080 1D= . 7688 LE= 74,0080 NE= 6
BF= . 4088  BB=
POWER, WATTS HEAT REQUIREMENT, WATTS
BRSIC 34954, 8937  BASIC 608104, 5156
HERTER F. L. 251. 3977  REMEAT 1364, 5796
REGEN. F. L. 484. 0862 SHUTTLE 1947, 1147
- COOLER F L. 256. 2754  PUMPING 203, 1142
NET 33962. 4188  TEMP. SWING 5837, 6389
MECH. FRIC. 3396. 2422  CONDUCTION 201, 6665
- BRAKE 30566. 4758  FLOW FRIC. CREDIT -493. 4608
- ==~ HERT TO ENGINE 683395, 2187
=3 INDICATED EFF. %= 49,6997 FURNRCE LOSS 17083. 8047
OVERALL EFF. %=  35. 7838 FUEL INPUT 85443, ¥e78

.

HOT METAL TEMP. K= 922 2222 COOLING WATER INLET TEMP., K= 338 3535
EFFEC. HAT SP. TEMP.K= 845. 7885  EFFEC. COLD SP. TEMP. K. = 304, 2686

et

&
1
=
tr

162

-




Tableo Byl (continned)

Inpuba and Oubput Trintouls

FSOTHERMAL SECOND OFDER CRLCULATION--
PROG. TS0

“9 RPR 1980

HRITTEN BY MILLIAM R MHRTINI

CUPRENT OFERATING CONDITIONG RRE.

sRe 0RO U0 Puae 1400, 08 NDo 0,00 TFe 1200 00
L i= WoO0pae  Tye 135 00w0  Fie 26 6000 0G= 1

LURRENT DIMENSTONS HRE:

0= 10 1ed  DR= 35008 IC= 115 Q= . 1678

D= o432 DD= 40680 IH= ... 47280 QK= . 6480

h= Q4dew  Lbe 6. 4080  LR= 25000 CR= 1% 6500

RC= o ou28R LCs 12 9800  LD= 120200 LH= 44 800d

Li= 2% 5800 N(= 342 NR= © N= 4

NH= 6 Ff= 2000 L= 90. 00 CN= 254, 2804

ME= @9 0008 FE= 860000 EC=s . 84068  SC= . 86350

k= . leigl  SR= . esiee 22= 1 aH= 197. 29

KM= cuge 1D= 760 LEs 7L 0008 NE= 6

BF = 4080 BeB=

POWER: WATTS HERT REQUIREMENT, WATTS
BRSIC 47988, 7500 BRSIC 3615, 6094
HERTER F. L. 348, 9234 REHERT 1920. 1501
REGEN. F. L. 607, 2909 SHUTTLE 1875, 4663
COOLER F. L. 350. 3959 PUMPING 343 8532
NET 46655, 417568 TEMP. SWING 9749, 3984
MECH. FRIC 4o65. 5186  CONDUCTION 137, 2854
BRAKE 44989, 6682  FLOW FRIC. CREDIT -649. 5749

~~~~~~~~~~~~~~~~ -- HERT TG ENGINE 97052, 1879 !

INDICRTED EFF. &L= 48 0723 FURNRCE LOSS 24263, 0469 i

. OVERRLL EFF. W= 34. 6120 FUEL INPUT 121345, 2487
COOLING WRTER INLET TEMP.. K= 3305355

HOT METAL TEMP. K= 92 2222
EFFEC. HOT SP. TEMP. K= 838, 6689  EFFEC. COLD SP. TEMP.K. = 398. 4397 !

-t e e A L O W - . 00 8 853 800 W
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Table B.1 (continued)

Input and Output Printoutn

ISOTHERMAL SECOND ORDER CRLCULRTION--
PROG. IS0

89 APR 1980
WRITTEN BY WILLIRM R. MARTINI

CURRENT OPERRTING CONDITIONS ARE:

SPs  2000.00 PS= 200.88 ND= 3.0y TF= 1200, 68
Li= 6.0000 Ty= 135.0006 FX= 25,0000 O0G=1

CURRENT DIMENSIONS ARE.

bC= 40.4680 DR= 3,500 IC= 4150 (OC= . 1670
Di= .98432 DD=  4.8600 IH= .4728  OH= . 6480
G= . 04060 LB= 6.4800 LR= 25880 C(R= 13 6500
RC= 23250 LC= 12.9@88 LD= 12 0200 LH= 41 8008
LI= 25.5808 NC= 312 WR= 6 N= 4

NH= 36 FF= . 2000 AL 99.88 CX= 204, 2804
ME= 58,0800 FE= S0 Q088 EC= . 848608 5C= . B6350
Sk= . 18160  SR= .@3188 2Z2Z= 1 ZH= 191 16
KM= .280¢ ID= 7608 LE= 71,0088 NE= 6

BF= .4888 BB=

POKER, WARTTS HERT REQUIREMENT, WATTS

BRSIC 13460. 6621  BARSIC 23766, 1650
HERTER F. L. 454. @414  REHERT 498, 5544
REGEN. F. L. 1244 8168  SHUTTLE 1817. 2532
COOLER F. L. 458. 8881 PUMPING 46. 2341
NET 11306. 7461 TEMP. SWING 389. 8689
MECH. FRIC. 1130. 6748  CONDUCTION 191. 1619
BRAKE 10476, @742  FLOW FRIC. CREDIT -1973. 8195

INDICATED EFF. %= 44,1859
OVERALL EFF. %= 31,7363

HERT TO ENGINE
FURNACE LOSS
FUEL INPUT

HOT METAL TEWP. K= 9ge 222¢
EFFEC. HOT SP. TEMP. K= B24. 1782

-

COOLING WRTER INLET TEMP. . K=

EFFEC. COLD SP. TEMP.K. =

256395, 416
6488. 8535
32844, 2656

38v. 3217

330, 5559
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Table B,1 (continued)

" 1nput and Output Printouts

: ISOTHERMAL SECOND ORDER CALCULATION--
i PROG. IS0

¥ 03 APR 1980

NRITIEN 8Y WILLIAM R. MARTINI

CURRENT QPERATING CONDITIONS RRE:
‘ SP= 200008 PS=  C08.88 ND= 30.86 TF= 1208. 80
. L1= @ 0000 Ty= 435 000@ FX= 20 6000 OG= 1

, CURRENT DIMENSIONS ARE:
[ b= 10,1608 OR=  3.5080 IC=  .1158 0C= . 1679
‘ DW= . 08432 Db= 4.@688 IH=  .4720 OHs . 6400
G= @4068 LB= 64008 LR= 25089 (R= 13 6509
RC= 2 3250 LC= 42,9098 D= 129208 M= 44 8000
Ll= 255808 NC= 312 NR: 6 N= 4
; NH= 36 FF=  .2000 ML=  99.89 CX= 254 2604
| ME= 90 000 FE= OW @008 EC= . @468 SC= . 06358
‘ SE= 10168 SR= . 05108 22= 1 ZHe 203 62
KM= owoe  ID= 700 LE= 71 0688 NE= 6 .
B = 4080  BB=
PONER, WATTS HERT REQUIREMENT. WATTS
BASIC 15202, 6616 BRSIC 68231, 9944
HERTER F L. 937, 913%  REHEAT 1373, 7683
REGEN F. L. 1923 3396 SHUTTLE 1935, 7202
COOLER F L. 1019 1125  PUNFING 203, 8463
NET 31262, 2383 TEMP. SHING 2532, 4609
MECH FRIC. 1126. 2244 CONDUCTION 203, 6237
BRAKE 28136 0456  FLOW FRIC. CREDIT ~1959, 5837
-------------- mmmmn HEAT TO ENGINE 64321, £203
INGICATED EFF. U= 48, 4522 FURNRCE LOSS 16130, 4551
OVERALL EFF. %= 34 8856 FUEL INPUT 0652, 2734

- - - - - - e B " a0 oo - .- - v - P

HOT METHL TEMP K= 922 2222 COOLING WRTER INLET TEMP., K= 330 8358
EFFEC HOT SP. TEMP. K= 849 $5¢5 .EFFEC. COLD SP. TEMP & = 353 4494

- - - - o - on oo - - - -
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Table B,1 (continuod)

a. . Input and Qutput Printouts

JSOTHERMAL SECOND ORDER CALCULATION--
PROG. 150

: @9 APR 1920

WRITTEN BY WILLIAM R MARTINI

CURRENT OPERATING CONDITIONS ARE:

SP= 2000, 00 PS= 1608.90 ND= 39,00  TF= 1208 @
Li= B8 @808 Ty= 435, @008 FX= 25 @600 OG= 1

CURRENT DIMENSIONS RRE.....

DC= 18 1688 DR= 3. 5808 IC= . 4156  0OC= 1676
Did= .@0432 0D= 4. 0608 IH= 4728 OH= . 64068
G= .b4B6d  LbB= € 4000 LR= 2,500 C(R= 13 €500
RC= 2 %250 LC= 12,9800 LD= 12,0200 LH= 41 8080
LI= 25,5888 NC= 32 NR= 6 N= 4
NH= 26 FF= .2088  HL= 9@ 88 CX= 294 2804
ME= 990 @oe@ FE= &0 0088 EC= . @468 SC= . @e358
Sk= 19468  Sk= 95108 2Z2= 1 ZH= 194, 83
K= 2000 1b= 7680 LE= 71,0686 NE= 6
BF= . 4388 BB=
POKER: WRTTS HERT REQUIREMENT, WRTTS
BASIC 67612, 1816  BRSIC 118928 631
HERTER F. L. 1927. 4856  REHERT 2778, 8645
REGEN. F. L. 3147, 8118  SHUTTLE . 1852. 1472
COOLER F. L. 1946. 4116  FUMPING €02, 3067
NET 60599, 3984  TEMP. SWING 9880, 2656
MECH. FRIC. 6059. 8410 CONDUCTION 194, 8324
BRAKE 54534. 3594  FLOW FRIC. CREDIT -3584. 3911 i
HERT TO ENGINE 136734, 7964 i
INDICATED EFF. %= 46, 34¢@ FURNRCE LOSS 32683, €392 3
OVERALL EFF. %= 33 3651 FUEL INPUT 163448, 4844 |

HOT METAL TEMP. K= 922 222¢ COOLING WATER INLET TEWP., K= 338 3535
EFFEC. HOT SP. TEMP. K= ©36. 6948  EFFEC. COLD SP. TEMP.K. = 360, 8674

1ot
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Tablo H,1 (continucd)

Juput_and Ontput Printouts

1SQTHERMAL SECOND OFDER CRLCULATION-~
PROG. TS0

(OEIN 12 S B P

WRITTEN BY WILLIAM R, MARTINI

CURRENT OPERRTING CONDITIONS HRE.

SP= 2006 80 PSs
lL.i= @ e Ty=

1400, 80  ND= ige8  TF= L2
135, 0069 FX= 25 @ QG= |

CURRENT DIMENSIONS HRE

B8, aa

i . o el

({= 18 1508 DR= G Sged  IC= 115 QC= . 1&78@
D= eaqze  Db= . 9e@d  IH= 472 OH= . 6408

Ty La L-S

G= . Bd4e8  Lb= . qeea  LR= 2. 5820 (R= 13 6500

RC= 2 I256  LC= 42 9800 LD= 12 6200 LH= 41 8000

LI= 25 5866 NC= 312 NR= 6 = 4

NH= € FF= 2008 HAL= 99,80 CX= 254, 2604

ME= 99 @oAo FE= 90,0008 EC= . 94660 SC= . 86350

SE= 18160 SR= 05180 2Z= 1 2H= 188 94

kb= 00 ID= 76e@  LE= 71 00080 NE= €

BF= 4680 - - .

POMER, WRTTS HERT REQUIREMENT. WATTS
BRSIC 91861, 6986  BASIC 164984, 7812
HERTER F L. 2654, 3186 REMEAT 2992, 2964
REGEN. F. L 4147 2451  SHUTTLE 1796, 1570
COOLER F. L. 2677. 4727 PUMPING 1041, 6228
NET 82415, 3594 TEMF. SWING 19046, 0352
MECH FRIC 8241, 5371 CONDUCTION 188, 9427
ERAKE 74173 8281 FLOW FRIC. CREDIT -4710, 4409

------------------- -—-- HEAT TO ENGINE 186279. 3906

INDICRTED EFF %= 44, 2429 FURNACE LOSS 46569, 8437

OVERALL EFF %= 31 €54 FUEL INPUT 232849, 2187

- - - - - - - - -

HOT METHL TEMP k= 922 222¢ COOLING WATER INLET TEWMP., K= 338 5535
EFFEC. HOT SF TEMP k= 928 4016  EFFEC. COLD SP TEMP K = 3669746

- (o} 1 > 1 2 - e or s 8 ot 0 0 0
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The first atop was to plot the minimum flow loss versus the speod squared,
This plot 1s shown in Figure B.Z, This relationship 1s linear and wap onslly
fittod. This rolationship allowed prediction of flow lLoos at relatlvely
high presoures, The flnal atop wan to dovolop tho corralation that would
allow predictions at rolatively low precouron, Tha e¢hange in tho torquo
ratio botweon tho highoot value (high propeure) and tho valuos at other
preceures ie shown in Filguro B.3, In ono attempt to bring the curvon
togother, 1t was decided to divide the change by tho speed., An avorage of
these curven was fitted with a powor curve, Tho cuxrven are shown In Plguro
B.4. Taking into account both offecto, tho final equation wans

TN = TQI * ('99862 - 9014 X 10-5 (SP)z) (1 - 3,09 X 10”3 (SP) (Mpa)~1.841)

whers TQN is net torque, TQI is indicated torque, SP is englne speed 1in
Hertz, and MPa is engine pressure in MPa.

Validation of this equatlon consisted in using it to calculate the torque
ratio for the 16 cases previously calculated.

The predictiona were compared with the calculated results and plotted in
Figure B.5. The error band fits were .within the error expected from the

actual fluld mechanic calculations. This method of estimating flow loss 1s
reasonably accurate and saves computer time and space.

ol

.05

(1 - (NET TORQUE)/(BASIC TORQUE))

SPEED SQUARED

0 200 A 400 600 800 1000

Figure B,2, Minimum Flow Louss Versus Speed Squared.
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Figure B.3. Maximum Torque Ratlo Change Versus Pressure.
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Figure B4, Torque Curve Correclation.
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CURVE FIT
"IS0.FOR INDICATED OUTPUT

1.00

95

90

.85 Pressure Speed, Hz

MPa 8,33 | 16,67
1.38
3.45
6.90
9,66

.80 85 .90 .95 .00 |

ISQ,FOR SHAFT QUTPUT. .
ISO.FOR INDICATED OUTPUT

Figure B,5, Predictions Versus Actual Calculations.,
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'y AFPENDIX G

D GRAFHIC SUBROUTINES

- The mraphle nubroutinon Tintod and oxplained in thin appondix wewo lott out

of the lipting of GNTLB,FOR booause thoy had alrondy boon ineludod in tho

* Tbeary for the Alton computor at Mortind Enplnooring,  Othor computors will

K probably have difforont praphie pnokogat, o il oxplanation of what oaceh

T aubroutine doon 1o included.  Tho pubrontinon aro VEGTOR, POINT and CLMAR

| Aloo, an axplanation of tho pubroutine KHASE @lvon on 1inos BBB to 922 of

i NTLRE (noo pugo 104) wlll bo glvon, ALl of those uno a machine lahguago

- rroutine (ONOUT,  (See Tablo C.1 for o lloting ol CONOUT,)  Tho Rotro-
Jsuaphlet® modificatlon to the Lowr-Sioglor AIM-3A torminal omployn cortain
control codas to got bolweon tho difforent modat, Thin control chart 1o
phown in Figwre G.1. CONOUT iu used Lo glve tho computor tho oignal in

Table C.1
MACHINE-LANGUAGKE LISTING OF CONOUT

; )
1 ENTRY  CONOUT
L S CONOUT:
| = My T Fle LEH
{ 4 ST 100 |
i A M 1DH |
(e rINI ARnGLL0EeR
P (IAE GIEDDLLDEER
@ Iz CEONOUT
A MR £, M
101 U 10H
11 RET
J 13 END

CR. ESC FF. US

VECTOR
MOOE
)

Figure C.1. Retrographics Control Scheme.
*Product of Digital Engineering Inc., 1787-K Tribute Rd., Sacramento, CA 95X15.
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‘ the preper form to ba recognirzed. Table C,2 shows the code that is uced,
oo The subroutines will now be oxplained,

i Table G,2
GONTROL CODES

ASGIT
Godo Namo in ASGIT Decimal
Namo Subroutino __Numbor o Funetlon
CAN CA P Move from 4010 alpha
to ADM-3A adphn,
M Uy 25 Clear sarooen,
¥S Fs 28 Movo to point mode,
GS GS 29 Move to vector mode.
Us us 31 Move from vector mode
to 4010 alpha.
Ese ES @ Sets data level te
DEL DE 127 black .
a AA 97 With ES sets data
level to white.
VECTOR

The subroutine VECTOR draws a stralght line. It is listed in Table C.3. It
has four arguments, They are defined as followss

JX = X axis coordinate of start of vector.
JY = Y axis coordinate of start of vector.,
KX - X axis coordinate of end of vector.,
KY = Y axis coordinate of end of vector,

As for any subroutine, the position is important and the names can be changed.
These coordinates are integers. The maln program scales the values to be
plotted so that the X axis coordinate is between 0 and 1023 and the Y axis
coordinate is between 0 and 779. (See Figure C.2.)

In 1ine 757 of Table C.3 the integers are defined., In line 758 the values
novedud from Table C.2 are defined. In 1line 759 the control code GS is sent
to go trom the AIM-3A alpha mode to the vector mode (swe Flgure ¢1). In
1ines 760 und 761 the Y coordinate of the ustart of the vector is split into
1ty upper and lower components according to directlons. In 1ines 760 and
763 the sume thing lu done for the X coordinate of thu sturt of the vector,
In linos 704 to 767 these fowr numbers are entered, Dines 768-770 cause a
slight delay in the progran to allow the entering te be complete.

From lines 771 to 780 the same thing 1s done for the end coordinate of the
voctor. Once the computer has both coordinates, it draws a stralght line
between them. The timing loop (1lines 779 to 781) iu needed to allow the
computer to draw the line before 1t goes on to something else. The time
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Table G,3

PE5:  © SUPROUTINE FOR DRANING A VECTOR ON THE SCREEN

756 SUBROUTINE VECTORCIK, J¥s K, KY)
757 JNTEGERWL G5, US, Y YLy ¥H, HLy CA
et BATA & US) CRZ29, 3, 24/
: 7 CHiLL, CONQUTCGS)
y v WHnJv/T2esR
g vl WLeHODCJY) 320496
: TER i 22452
%- Te HLEHODCIR, T04E4
\ 74! CALL CONOUT CYH)
; e CALL CONOUT('L)
: et CALL CONOUTCHH)
7 Gl L COMOUTEAL)
R [0 10 1at, 200
| w9 Hal+l
7r0: 40 CONTINUE
L ek 22422
T YLENODCKY) 327426
T e 31/32422
i ALENUD () 120464
"7 CALL CONDUTCH)
e CALL CONDUTCYL)
R CALL CONOUTCNH)
e PALL CONDUTCHL)
7r9: b0 20 T=1, 200
o h=1+1
T8l 20 CONTINGE
7321 CALL CONOUTCUS)
re3; CFLL CONOUTCCR)
w4 RETURN
705 [ —
1

ji
2
. 0779 1023,779
{
4
=
Q
> + 512,390
. 00 10230
X AKIG i

Figure C.2, Coordinate Numbering tor Graphico,
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delay uped here works for even the longest line,

Linon 782 and 783 pot centrol back to the ADM-3a alpha mede by going through
the 4010 alpha mede, (Soe Figure G,1 and Table G,2,)

POINT

The nutroutina FOTNT putn o poinl on the poreon, It in liptod on Tablo 04,
Tt b bwo arpgunentog

JI % axto of point
JQ Y axlo of poiut.

Tablo G4

AoP G SUEROUTINE FOR POINT GRIPHICS

:2§: SLEROUTINE POINTCIP, J0)
el INTEGER#L FS, US) CR) Y, YL K11, ¥L, UY
10 DATA FES, US, CR, Uv/28) 34, 24, 25/
Fal. CILL CONOMTCFS)
i YH=J0/32422
Vadt WL-HODOIN, 320408
zgd: #H2JPA22432
e HL=MODCIP, 32)464
\ oot CALL CONGUTCYH)Y
K 3 CALL CONOUTCYL)
\ T CALL CONOUTCHH)
R CALL CONOUTCNL)
:40: CALL CONOUTCUS)
T4 CALL conouTCCR)
r2: FETURN.
fie X% Enp
As for any subroutine the positlons of the arguments are important and the
F hames can be changed, These coordinates are integers scaled as shown in
Flgure C.2, 1In lines 729 and 730 of Table C.4 the integers and the data
are defined. In line 731 the control code FS is sent to get control into
the polnt mode. (Sve Figure G.1.) In lines 732 to 739 the upper and lower

component of each coordinate is calculated and sent in the proper order.

A point corresponding to this coordinate lights up on the screen. Lines
740 and P41 return control to the AIM-3A alphu mode via the 4010 alpha mode
(see Figure C.1).

CLEAR

The subroutine CLEAR erases the entire graphic screen without touching the
ADM-3A alpha screen which 1s superimposed. CLEAR has no arguments, A
listing is shown in Table €,5, In Table C.5, 1ines 746 and 747 initlallsze
as usual. In line 748 thu control code GS is sunt to get the control into
the vector node. In this mode sundine the control codo EM (UY in our sub-
routine)(sve Table G.2) clears all the screen, Lines 750 and 75i gel con-
trol back to AIM-3A alphu mode in the usual way.
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Table C,5

o C ZUCROUTINE FOR CLERRING VECTOR 1OGE SCREEN
48 SUEROUTINE CLERR
G INTEGER S 05, UY, US, O

R DATAR G5, Uy, us, CA29, 2%, 31, 24
™o CALL CONOUTCGS)
WL CALL CONOUTCLYY
T CARLL CONQUTCUSY
ol CALL CONOUTCRAY
Rt FETURN
oY END
€

KRABE

Tho vubroutine MWRASE drawe a sorlos of Liuck linus from X ceordinate 710
to 1013 Tho bluck linos are drawn in the Y dlrection from 2 to 797. On
bugo 104 linvs 889 and 890 initialisze things, Line 891 sturts the do loop.
Line 892 gots control to tho vector mode, Lines 893 and 894 togother vet
the data level to bluck from white. Linee 895 to 914 draw a black lino,
Linou 915 and 916 sot the data lovol back to white, Lines 917 and 918

tut buck to the ADM-34 alpha mode. Line 919 18 the end of the do loop.

An attompt was made to shortun this subroutine by putting the do loop in
the vector mode part of the program, but this did not work., The subroutine
requires o seconds to olear this purt of the screen. More efficient sub-
routines for clearing part of the screen can probably be worked out, but
this subroutine wus not u vital part in the totul cemputing timo.

Graphic output greatly speeds the comprehension of the computed results,
It should always be used if available for this type of analysis,
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